ABSTRACT
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Ronald Sederoff).

Wood is an essential renewable raw material for industr@ycts and energy. However,
knowledge of the genetic regulation of wood formation is limited. We develpagsient
expression system using protoplasts from the stem differentiating xylem (@&BDiXh shaes
96% transcriptome identity with intact SCigr the model woody plarfPopulus trichocarpa
Using the protoplast system, we discover the functioa splice variant of PtrSNDA2
(Secondary WalAssociated NAC Domain) and PtrVNBB1 (Vascularelated NAC
Domain), and revealed the quantitative funtéibhierarchical genetic regulatory network

(hGRN) directed by PtrSNDB1 and PtrMYBs.

SND1s and VNDG6s are transcription factors (TFs) known to activate a cascade of TF and
pathway genes involved in secondary cell wall biosynthesis in Arabidopsis andspadpia
alternative splice variasbf PtrSND1A2 and PtrVND6C1 (PtrSND1A2IR and PtrVND6

C1IR) are dominant negatives tife SND1 and PtrVNDBC1 transcriptional netwoskin

Populus trichocarpa

We established a PBND1-B1i directed hGRN including 76 dict targets. Direct RBND1-

B1i DNA interactions were identified by integration of time course RNA sequencing data
and topdown Graphical Gaussian Modelirgpsed algorithms. These f8ND1-B1-DNA
interactions were verified using chromatin immunoprecigitatn SDX with 97% accuracy

and gRFPCR in stable transgenit trichocarpa(90% accuracy).
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Al nstead of earning a | ot of money, I want t

It may sound cheesy, but that was the andvgaive to my mother ten years ago when she

asked me why | chose Life Sciences as my college major. Ten years later, | am still chasing
after that dream with my research in Biology. For my first independent research, | studied
enzymes involved instarchdyfhesi s i n Dr. Jengbés | ab at Nat
my masterodés degree. The first PCR, RNA ext
selected by antibiotics made me excited. |t

S e c r lewassvery fortunate to be given the opportunity to pursue my PhD degree in Dr.

Chi angds |l ab. During t he beginning stages
coll eagues and | encountered a | ot of diffic
in the towel 6. At one point, I changed my Fa
kind of harvesto. However, Dr . Chiang gave

proceed with more experiments, and soon we were able to overcome mospiaftiieens.
There is always a silver lining to every black cloud. Our approach (protoplast + chromatin
immunoprecipitation) is useful for studying gene regulatory network in plant species which

mutants are unavailable and are resistant to stable genesiotraation.
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Chapter 1

Introduction

Wood, the secondary xylem of vascular plants, is a hard and fibrous tissue in the stems an
roots of trees. Witim this the unique structure, wood is composed of vast numbers of cells.
Based on the morphology and function, the cells in wood are divided into four different
types: (1) parenchyma cells, (2) tracheids, (3) fibers, and (4) ve@eRarenchyma cells

form horizontal rays and participate in various processes such as metabolic pathways and
shortdistance transport. (2) Tracheids are the major cell type in softwoods, and they provide
water conduction and mechanical support. (3) Fibecsir exclusively in hardwoods, and are
specialized elements for mechanical support. (4) Vessel sgrecialized cell type for long
distance water and mineral solutes transport in hardwoods; they are composed of individual
vessel members that are asatmil to form a continuous channel. During vessel cells
maturation, the end walls of each cell are removed partly or entirely by enzymatic action to

form a continuous channel.

Chemical composition of wood

The majorchemicalcomponents of wood are (1) cdtige, (2) lignin, and (3) hemicelluloses.
The proportion of cellulose, lignin, and hemicellulose is around 40, 25, 3884,
respectively. (1) Cellulose is the most abundant wood component. It consists of linear

(unbr anch e d-1,4)glycasidicady banded Hylucose units, and the degree of



polymerization (DP) of native cellulose is between000 and 1£€00. (2) Llignin is
composed of phenylpropane units, which link to each together through at least ten different
C-C and GO bonds. The structure of lignin is irregular because of the random combination
of phenoxy radicals of coniferyl, sinapinyl, adecoumaryl alcobls. (3) Hemicelluloses,

unlike cellulose, are mostly branched polysaccharides and have lower DR@®.50

Cell wall Architecture

Plant cell walls provide protection and firmness to the cell cytoplasm. Cell wall formation
begins between the daughterlgeifter mitosis during cell division. This initial cell wall
layer,the middle lamella, consists mainly of pectin. At this early stage the young cells begin
to deposit new wall material against the ML, which is termed primary cell wall. Primary cell
wall is composed of cellulose, pectiBoth middle lamella and primary cell wall are
extensible for the cell expansion during differentiation. Secondary cell wall formation starts
when the developing cells reatheir final size. Generally, secondary walls cntthree
sublayers (S1, S2, and S3). The S1 is the oldest layer next to the primary wall, and
determinesomep ul p fi bre properties (Bergander and
Brandstrom et al. 2003). The S2 layer is usually the thickest portion, and is considered to
dominate the physical and chemical properties of the cell wall (Donaldson et al. 2005). The
S3 layer formsaninterface with the cytoplasm in living cells or the cell lumen in dead cells.

The ®condarycell wall contains cellulose,@micellulose, and lignin. The inclusion of lignin



makes the secondary cell wall less flexible and less permeable to water than the primary cell

wall.

Secondary wall NACs as master switches

NAC (NAM, ATAF1/2 and CUC2) domain transcription factors are phgrecific
transcriptional regulators and are important in plant growth, development, and stress
responses (Olsen et al. 2005). A subgroup of NACs in Arabidopsis has been reported as
master switches regulating secondary wall biosynthesis (Kubo et al. Ri@bda et al.

2005; Zhong et al. 2006; Ko et al. 2007; Mitsuda et al. 2007; Zhong et al. 2007a; Mitsuda et
al. 2008; Yamaguchi et al. 2008; Zhong et al. 2008; Zhong et al. 2010). Among these NACs,
SND1/NST3 (SECONDARY WALL ASSOCIATED NAC DOMAIN PROTEIN/INAC
SECONDARY WALL THICKENING PROMOTING FACTOR 3) is specifically expressed

in fibers (Zhong et al. 2006; Mitsuda et al. 2007; Mitsuda et al. 2008), and VND6 and VND7
(VASCULAR-RELATED NAC-DOMAIN) are specifically expressed in vessels (Kubo et al.

2005;Yamaguchi et al. 2008; Zhong et al. 2008).

The SND1 gene is associated with secondary wall thickening in fibers. The dominant
repression of SND1 (SND1 fused with a repressor domain) causes a severe decrease in the
secondary wall thickness of fibers. Altlghuthe knock mutant of SND1 does not affect the
secondary wall thickness, overexpression of SND1 canegplate the secondary wall
biosynthesis gene expression and results in ectopic secondary wall deposition. In the double

knockout mutant of SN1 and itsclose homolog NST1he fiber cells in the stems lack all



three major secondary wall components, including cellulose, xylan, and lignin, which is
accompanied by a severe reduction in the expression of genes involved in their biosynthesis
(Zhong et al. 206; Mitsuda et al. 2007; Zhong et al. 2007a). The results demonstrate that
SND1 and NST1 have a redundant function, and they are master regulators of secondary wall

biosynthesis in fibers.

VND family (VND1 to VND7) are expressed in an in vitro xylem veseducible system
(suspension cells) of Arabidopsis, and the cells can differentiate into xylem vessel elements
under the presence of brassinolide (Kubo et al. 2005). Among the VND family, VND6 and
VND7 have strong effesin regulating vessel cell speciditon with the cooperation of other

VND genes. With ectopic expression, VND6 and VND7 can transdifferentiate different cell
types such as epidermal cells, mesophyll cells, and guard cells into metaxylem vessels
(derived from VNDG6) and protoxylem vesselse(ged from VND7). By fusion with an
artificial repressor domain (SRDX), VNESBRDX and VND?SRDX inhibit vessel
formation in the metaxylem or protoxylem, respectively. The results demonstrate that VND6

andVND7 are master switches of secondary wall thiclgem vessels.

The transcriptional regulation of NAC domain proteins was also reported in woody plants.
The dominant repression of PtrWwWND2B or PtrWNDG6B results in a drastic reduction of
secondary wall thickening in the wood of transgenic poplar, and \tkeexpression of

PtrWwND2B or PtrWND6B cause the ectopic deposition of secondary walls in transgenic
poplar plants (Zhong et al. 2011). The WNDs can directly bind to the secondary wall NAC

binding element (SNBE) sites in the promoters of the \Afl§ulated tanscription factors



and genes involved in secondary wall biosynthasigcell wall modification (Zhong et al.

2011).

Other NACs involved in secondary wall biosynthesis

In addition to SND1, VND6 and VND7, SND2 and SND3 were also discovered as regulators
of secondary wall formation. In Arabidopsis, SND2 is indirectly regulated by SND1 and
NST1 (Zhong et al. 2008). Dominant repression of SND2 (fusion with SRDX) drastically
decreased the thickness tbe fiber secondary cell wal] and the overexpression SND2
increased secondary cell wall thickness in interfascicular and xylary fibers (Zhong et al.
2008). SND2 activates the gene expression of lignin, cellulose and hemicellulose

biosynthesis genes involved in secondary cell wall development (Husseg@t Hl.

NAC domain structural characteristics

NAC proteins have a well conservedt®&minal NAC domain (~150 amino acids) and a
diversified Gterminal transcription regulatory region (Olsen et al. 2005; Ernst et al. 2004).
The Nterminal NAC domain can baivided into five subdomains (subdomairE) (Puranik

et al. 2012), and have (1) DNA binding ability, (2) protein dimerization ability, and (3) a
nuclear localization signal. (1) The DNA binding motif can be divided into five subdomains
(subdomain AE) (Ruranik et al. 2012). C and D subdomains are positively changedan

bind to DNA. Xray crystallography and in silico analysis of Arabidopsis ANACO019, Setaria



italica SINAC and rice stresesponsive NAC1 (SNAC1) proteins have shothat the
conserved N& consi sts of a-sheawwhich i® used don DNADiading,| | e |
and this twi rsheetid locatal hétweenran N le e Imi-Helix land & short

helix (Ernst et al. 2004; Chen et al. 2011; Puranik et al. 2011). Moreover, V8d1$

( 6@ subdomain DE ) |, Lys 123 B&5nstbddmais )2 8s79( Arg85 and Arg88

( B 2; subdomain C) were identified as biochemically crucial for DNA binding (Olsen et al.
2005; Ernst et al. 2004; Chen et al. 2011). (2) NAC proteins can dimerizeaathother
through LeuldThr23 and Glu2z6Tyr 31 r esi dues by f o-sheetatg a
the dimer interface, and the salt bridges formed by Arg19 and Glu26 provide the stability of
the dimers (Olsen et al. 2005; Chen et al. 2011). (3) NAC doedab contains a nuclear
localization signal (subdomain D) (Olsen et al. 2005; Le et al. 2011; Tran et al. 2009; Olsen

et al. 2005).

Secondary wall MYBs as second and thirdevel master regulators

Formation ofthe secondary wall requires a coordinatednscriptional regulation of the
genes during the biosynthesis of secondary wall components such as cellulose, hemicellulose
and lignin. NAC domain transcription factors were found as master switches for the
regulation of secondary wall biosynthesis, aadesal MYBs are directly activated by these
NACs as the regulators on the second level (Zhong et al. 2006; Zhong et al. 2008). MYB46
and its close homolog MYB83 in Arabidopsis dieect targets o6ND1, VND6 and VND?7,

and they have redundant functionghe regulation of secondary wall biosynthesis (Zhong et



al. 2007b; McCarthy et al. 2009). MYB46 and MYB83 are expressed in both fibers and
vessels, and the knockout mutants of MYB46 and MYB&8e greatly reduceskecondary

wall thickening in vessels, whidkads to severe vessel collapse and plant growth retardation
(McCarthy et al. 2009). Overexpression of MYB46 or MYB83 in Arabidopsis causes the
ectopic deposition of secondary walls in the cells that are normally parenchymatous through
the upregulation & biosynthetic genetor cellulose, xylan and lignin (Zhong et al. 2007b;
McCarthy et al. 2009). Suppression of MYBdBoreduces secondary wall thickening (18;

Ko et al., 2009; Ko et al. 2012).

MYB58 and MYBG63 are also found as transcriptional regulapegifically activating lignin
biosynthetic genes during secondary wall formation in Arabidopsis, and they are specifically
expressed in fibers and vessels undergoing secondary wall thickening. Dominant repression
(fusion with SRDX) of their functions dezases secondary wall thickness and lignin content.
Overexpression of MYB58 and MYB63 activates lignin biosynthesis genes and causes
ectopic deposition of lignin in cells that are normally unlignified (Zhou et al. 2009). MYB58
can directly activate the gerexpression of lignin biosynthesis genes and a secondaity wall
associated laccase (LAC4) gene, and is the direct target of MYB46 and MYB83, which
demonstrates #t MYB58 is a third level regulator of secondary wall formation (Zhou et al.

2009).



MYB trans cription factor structural characteristics

The MYB proteins are named for theMy b oncogene, an Aoncogene
avian myeloblastosis virus (Klempnauer et al. 1982). Many vertebrates, insects, plants, and
fungi have three genes related tMYB: c-Myb, A-Myb and BMyb (Lipsick 1996; Weston

1998). MYB proteins are identified based on a highly consensermNinal DNAbinding

domain (Lipsick, 1996). The DNA binding domain of MYB proteins consist of three
imperfect repeats of 50~53 amino acids, aadh repeat forma helixturn-helix structure

which binds to the major groove of the target DNA sequences (Ogata et al. 1992; Konig et al.
1996; Lipsick, 1996; Stracke et al., 2001). The DNA binding specificity of MYB proteins is
determined by severaldhly conserved Trp residues (Ogata et al., 1995). MYB proteins are
classified into three subfamilies bdsen the number of adjacent repeats within the MYB

domain (one, two or three) (Jin et al. 1999; Rosinski and Atchley 1998). The MYB proteins

with one,two and three repeaar e O MYB1RypeOtRXBD and O6MYB3R
respectively (Stracke et al., 2001; Wilkins et al. 2009). The MYB46, MYB83, MYB58 and

MYBG63 involved in secondary cell wall formation are all R2fgBe MYBs factors.
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Chapter 2

A simple highthroughput xylem protoplast system for studying wood formation
Abstract

We present a protocol for isolation and transfectioprofoplasts from wood forming tissue,

the stem differentiating xylem (SDX), in the model woody pRopulustrichocarpa All
previous protocols give low SDX protoplast yields and are tedious (~8 h). Our protocol is
high throughputallowing small (milligrams) to large (20 g) scale SDX preparations in ~60
seconds. The entiisolation and transfectiaiakes ~50 mié the shortest ear reported. Our
protocol gives a high yield (~2.5 x 4protoplasts/g SDX) of protoplasts sharing 96%
transcriptome identity with intact SDX. It was used to discover and validate gemioi@e
transcription facteDNA interactionbased hierarchical regulayo networks in wood
formation. It generates a transient expression system highly representative of stable
transgenics in transcriptome responses. It can also be a cellular system to study gene
transactivation and nucleocytoplasmic protein trafficking. @wotocol is particularly useful

for systems studies where stable transgenics and mutants are unavailable.
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Introduction

Wood is a renewable feedstock and an important component of the mateda¢nergy

based economy worldwid& Wood is xylem and is formed from differentiating secondary
xylem cells divided from the vascular cambium and matured into-thatled fiber, vessel

and ray cell3 (Fig. 1). The maturation of the wall is accompanied by the biosynthesis of
specific quantities of the cell wall componehtsellulose, hemicelluloses and ligdirthe
sources of materials and energyWood formation is a complex developmental process
controlled by hierarchical gene regulatory networks that regulate specific pathway genes to
function in cell wall component synthe%fs Understanding of these networks and gene
functions is important for improved feedstock sustainability. Genetic network and gene
functional analyses in woody plants is highly challenging because these speciesekygen
recalcitrant to stable genetic transformation and lack of a mutant colfecfioRor such
species, protoplasts are particularly useful because protoplasts are an efficienhttransie
transgenic system allowing immediate transcriptome responses to gene expression for
characterizing and quantifying genetic networks and gene funttiofisA few woody plant
protopl ast procedures have been developed
including the only one for developing xylem of tree spééjesere designed for yield and
quality adequate forufl transcriptome studiés®. Isolation of plant protoplasts has always
been time consuming, tedious and low throughput. A protocol combining isolation and
transfection of protoplasts from differentiating xylem cells, or the wood forming cells, has

never previously been reported
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Using the stem differentiating xylem (SDJXig. 1c,i,j), a wood forming tissue, oP.
trichocarpawe developed a simple, high throughput isolation and transfection protédure
1 and reported here an optimized protocol. These protoplasts were derived from
differentiating fiber, vessel and ray cellBid. 1i,j), the three major cell types that form
wood’. Our protocol allowsa drastic reduction in processing time, particularly tissue
preparation, and also elimination of many tedious protoplast treatment and recondition steps
normally used in the other protocols. Here we describe the development and optimization of
all procedues involved, and also provide an overview of the optimized isolation and
transfection protocol. We compare our protocol with the other methods to illustrate what
processing times can be reduced, which steps can be eliminated, and under what conditions
high SDX protoplast yields can be obtained. We also illustrate many useful applications of
our protocol that lead to novel quantitative insights into subcellular pptetein
interaction mechanisms, gene functions and geneide functional transcriptional
regulatory networksFinally, we describe the detaileskperimental designstepby-step

methodology, recommendations for troubleshooting potential problems, and anticipated

results of using our protocol.
Development and overview of the protocol

Protoplat isolation and transfection have long been established and reported extensively for
many speci€d %% The procedures normally involve preparation of tissue for specific source
cells, cellublytic digestion of the cefvall, and isolation, purification and recondition of the

protoplasts, followed by DNA transfectitn?®(Fig. 2). The intactness of the source cells and
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the accesibility of cellulolytic enzymes to cellvalls are major determinants on yield and
quality of the resulting protoplasts. To best ensure these cell properties, protoplast isolation,
therefore, always involves a tedious and technically demanding procedurgsdoe
preparation. We tried to isolatB. trichocarpa SDX protoplasts using the original or
modified protocols for woody plarifs™, but could only obtain either a very low or negligible
amount of protoplasts. Wéen followed the TEAMP (Transient Exgssion inArabidopsis
Mesophyll Protoplast) systéfincluding its delicate tissue preparation procedures. TEAMP
was reported in 2007 and has been widely useAridopsisbecause of its high yiel@10

x 1P protoplasts/g fresh weight leaves) and very high transgene transfection efficiency
(~60'90%). Unlike all other protocol tried,EAMP allowed us to produce SDX protoplasts,
despite the yields were modest (2pBotoplasts/g fresh weight SDX). We then foalisa

TEAMP as the primary system for further improvements.

Our focus was on the improvement of the efficiency, throughput and yield. We extensively
and systematically tested isolation steps in TEAMP and other woody plant protocols and
modified/optimized ky ones. This systematic approach, together with the development of a
much simplified tissue preparatigred us to create a protocol that has the shortest isolation
procedure (< 1 h) ever reported and givegetyof ~2.5 x 10 protoplasts/g SDX(second to

the highest reported of iprotoplasts/g poplar leav&s For establishing the SDX protoplast
transgene transfection pratee, we focused on the more commonly used polyethylene
glycol (PEG)directed gene delivery, and systematically examined all major reaction
parameters (Supplementary Table 1). We could readily achieve at least 30% transfection

efficiency using several corimations of parameters (Supplementary Tablé. The
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combination of such transfection efficiency and a very high protoplast yield is fully adequate
for many transcriptomic and proteomic applications at the genewet¢ Furthermore, our
protocol allows protoplast isolation from milligrams to tens of grams of SDX with a similar
time frame and protoplast yield, offering a throughput that so far cannot be achieved by any

other system.

Major differences between othemethods and our protocol

Brevity is the unique feature of our method. We outline the flows and processing time frames
of key stages of protoplast isolation and transfection protocols previouslykige@d) and
compared with those of ourBi§. 2b). Key characteristics of the previous protocols include:

(1) A long protoplast isolation process-86h) involving 11 major steps (divided from Stage

1 to 4,Fig. 29 is needed prior to transfectio(®) Laborious techniques are required for
segmenting the tissuinto small pieces without excessive damage to the ¢&Jlsong celt

wall digestion times (& h) are needed4) After cell-wall digestion, the protoplasts must be
separated away from the cellulolytic enzymes and cell/tissue debrides through enzyme
deactivation, filtration and centrifugation (Stage Bjg. 238). (5) A long period of
reconditioning of the protoplasts on ice is used prior to transfection (35 min, Stag@g4ix,

24d). (6) The performance of such technically demanding procedures is ngtsadwecessful

even for experienced researchers. A long processing time also reduces the quantity of viable

protoplasts.

We highlight the differences between these previous protocols and our protocol in these six

key process characteristics. In our proto¢b) A much short time (~25 min) requiring only
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3 short steps is needed before DNA transfectig. (2b). (2) A novel tissue preparation
allows the completion of SDX tissue processing in ~30(see details irExperimental
design and (3) a short~20 mn cellwall digestion(Fig. 2b). The whole process simply
involves debarking of atemsegment andubmerging it into the enzyme digestion solution
(Fig. 1g,h and see details irfExperimental design. (4) No enzyme deactivation or
centrifugation of debrispr (5) protoplast reconditioning is needetihe enzymeligested

stem is directly transferred into fresh DNA transfection buffer to release the protoplasts (5
min, Stage 3,Fig. 2b) for immediate transfection(6) The protocol can be readily

implemented by competent graduate student or jubst.

To further illustrate the uniqueness of our protocol, we summarized and compared the
processing times, yields and transfection efficiency of our optimized protocol with some
other representative and contemporargt@cols (mostly from 2007 to 2013) for many

gymnosperm, dicot and monocot spettés'> 17 19 220

(Table 1). These other protocols
could be alternatives and we have evaluated allokess for woody plants reported prior to
2012*?° and found all these woody plant methods gave very low yields and some could not
generate protoplasts. Although it is likely that other more contemporary procedures for
Arabidopsisor Populusleave$®?® (Table 1) may also be applicable, the disadvantage of all
these other procedures is the long tissue preparati@® (®in vs. 30 s) and celall
digestion (316 h vs. 20 min) times. Furthermore, gheprotocols may also be species

dependent. For example, the protocol suitabld>faremulax P. albaleaves might not be so

for P. trichocarpaleave$®. If Populusprotoplasts are needed for gene or protein semie
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based studies. trichocarpaNisqually-1%, the sequenced genotype, must be used for gene

sequence and functional accuracy.
Advantages and disadvantages of our protocol

The overall advantage of our procedureitss simplicity in performance and protoplast
yieldd a very user friendly system. Key advantages include a trdrdaetissue preparation

(Fig. 1 and Experimental design and facile celwall digestion system, species
independence, and direct applicability P. trichocarpa Nisqually-1** and Eucalyptus
grandis?, two sequenced woody planfBaple 1). So far we have performed more than 200
independent isolations/transfemis using the currently optimized procedures for Nisqtally
SDX and 5 such independent operations Eorgrandis SDX, with similar reproducible
results Table 1). Another key advantage of our protocol is its high throughput nature. The
nearly effortlessissue preparation allows similar total operating times for different scales,
whether is milligrams or tens of grams of SDX. It took ~30 sec tissue preparation time (Stage
1, Fig. 2b) for handling ~200 mg SDX and ~60 sec for up to 20 g SDX. To scale iy in t
other protocols, the tissue preparation time needs to be increased proportionally, which also
creates a significant time and uniformity discrepancy inwall digestion between the first

and last batches of tissue pieces. Our transfection efficiehe@ may appear to be a
disadvantage compared with the other more contemporary protd@aie (1). However,

many if not all of these other protocols are not applicable to SDX from woody plants. In our
protocol, the 30% transfection efficiency is offdst the high protoplast yield, allowing

abundant transfected cells, even as the transcript source without amplification, for generating
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a large number of RNA sequencing libraries (~40 libraries/g SDMpnetheles, the
dependence on fresh and viable tissues/cells is a common disadvantage of all protoplast

protocols.
Applications of the method

Our protocol is suitable for transient transgene expredsmsad genomic, transcriptomic,
proteomic and systems biologydtes in plants at the cellular level. It is particularly useful
for such studies associated with secondary cell wall formation in recalcitrant woody plants
where stable genetic transformation and mutants are unavailable. These applications are
supported § our demonstration that, at the full genome level, SDX protoplasts and the intact
stem differentiating xylem cells frof. trichocarpashare 96% transcriptome idenfityVe

used the system to discover and vakdgenomewide transcriptional hierarchical gene
regulatory networks in secondary cell wall or wood formdtidh In this application we
found that the direct target DNAs of a trans8ng transcription factor (TF) are all activated
within 7 hours after overexpression of this TF through transfectibising chromatin
immunoprecipitation (ChlP) we demonstrated that 97% of the protapfasted target
DNAs are the authentic direct targets in intact differentiating x{I&murthermore, ~90% of

the protoplasinferred TFDNA interactions were validated by RNA sequencing for their
regulatory effects inintact differentiating xylem of stable transgenit trichocarpa
confirming our transient SDX protoplast system is equivalent to stable transgenics for

studying gene regulation processes in wood formation
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The discovery and validation of genomgde transcriptional hierarchical gene regulatory
networks is one of the most unique applications of our protocol, allowing generation of
guantitative genomic knowledge in two weeks (protoplast isolation, transfe@idA,
sequencing, and network construction) that would otherwise require years using stable
transgenics and specific mutants, if they are available. We also used the protocol to validate
the transregulation and autoregulation of many wood formapesific TFS, specific
nucleocytoplasmic trafficking of these TFs in wood formatidnteractions and regulatory
effects of a TF and its direct targets in wood formdtiomnd novel heterodimeric,
heterotrimeric and homomeric membrane protein complexes involved in lignin biosynthesis

in wood forming tissue d®. trichocarpd™.

Because fresh protoplastetain cell and transcriptome identity, differentiated state, and
original biochemical and regulatory activi?>**3’, protoplasts are useful for studying
early transcriptome responses or the dynamics of such responses to treatments, including
perurbation of gene expressiadowever, cell or tissuepgcific protoplasts are necessary to
study biological processes that are specific to the cells or tissues from which the protoplasts
are derived®*®, Leaf mesophyll protoplasts are not appropriate for studying wood
formatiorf. Other than applications in studying secondary cell wall or wood formation
related processes, our SDX protoplasts be used as a simple model experimental system,
much like Arabidopsisleaf protoplasts, for general purposes. For example, it can be an

efficient plant system to test effect@porterbased gene transregulation efféctscan also

be an informative system for inference of subcellular localization of plant proteins and

23



proteinprotein interactiorfs . The simple and straightforward nature of our rdtargues

for its use as a general protoptasised transient expression system.

Our protoplast system is expected to be very important for gemoteestudies of wood and
biomass productivity in material and energy feedstocks because the genomes of many
commercially important tree species, such as Norway spiceg abiey° and loblolly

pine Pinus taed}® have just recently been sequenced, in additidh tdchocarpa™ andE.

grandis?, and the genomes of many other forest species are expected to be sequenced in the
near future. The genome sequence of a basal angiosperbgrellatrichopoda has just

been reportet. The application of the SDX protoplasts as the transient transgenic system to
study wood formation and related processes will become necessary because, exXxtept for
trichocarpa®, none of the specific genotypes of these sequenced woody species is known
amenable to stable genetic transformation. We anticipate the applicability of the protocol to
these other sequenced woody plants. Together our SDX protoplast systehe ggmhdame
sequences of gymnosperms, a basal angiosperm, and more advanced angiosperms provides a
strong tool for comprehensive comparative analyses of the evolution in genetic regulatory

hierarchies and in many processes associated with wood formation.
Experimental design

Plant health. Ex vitro or in vitro propagated clonal plants of the genotype of interest should
be maintained in a greenhouse to allow uninterrupted source of tissues/cells. Plants with ages
older than 3 months are all suitable as longhay are growing vigorously and healthy. We

usually use the stem (below the™@odes) of 3 to 9 months old plants. The health of the
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plant is one of the most important criteria that affect the robustness of the protoplast system.
Healthy plants are necgmy for producing high yields of protoplasts with high transfection
efficiency. Appropriate temperatures, routine watering and fertilization are necessary for
maintaining plants with healthy and vigorous growth in a greenhouse. Healthy greenhouse
grownP. trichocarpaplants have gleaming developing leaves and fully expanded leaves that
are flat and bright dargreen colored upper leaf surface. ThEBs&ichocarpaplants usually

also develop xylem secretion at th¥ @& 5" young stem nodes where auxifiaor lateral

buds usually emergd-ig. 3), indicating active water and nutrient transport and, thus, their
vigorous growth status. The stem bark of such plants can be easily peeled.dtb(g and

the surface (differentiating xylem cellBjg. 1d) of the debarked stem is succulent. These
plants always give high SDX protoplast yields and transfection efficiency. Therefore xylem
secretion at young nodes has always been the best guide for us to seRedrittecarpa

plant for SDX protoplast productioin general, healthy leaves are usually a good indicator

of healthy trees for SDX protoplast generation. Trees with stem bark difficult to be peeled off
are usually unhealthy or inactive in growth, and should not be used because they give little or

no SDXprotoplasts.

Tissue preparation and celwall digestion. The differentiating xylem, the wood forming
tissue, can be readily collected in a large quantity from a tree stem after debarking. Cross
sections of an intact and a partially debarked stems eharihold P. trichocarpaplant is

shown inFigure 1c,d illustrating distribution of tissues and cells. Between the bark and
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differentiating xylenthere are 3 to 5 thin layers of soft and juicy cells, the vascular cambium
(VC)® (Fig. 1c,d). Because of this soft and juicy VC, the bark on actively growing trees, can
be very readily and cleanly peeled off from the differentiating xylé&ig. (1g). After
debarking, VC and phloem (P) that includes phloem fiber (PF) cellateched to the bark.
The surface of the debarked stem is covered with the differentiating xylem (DX) cells, which
are cells originated from VC and differentiating into mature xylem fiber (XF), vessel (V) and
ray (R) cellS. Collectively these three mature cell types are called secondary xylem, or

wood.

Therefore, the SDX tissue/cell preparation in our protocol only involves a very simple
process of peeling off the bark from the st@gfig. 1g) followed by submergig dipping) the
debarked stem into celall digestion solution in a 5l Falcon tubgFig. 1h), a procedure

can be accomplished by anyone in secomaghis dipping procedure, the differentiating
xylem (wood forming) cells on the surfadéid. 1i) of the debarked stem are exposed to the
enzyme solutionKig. 1h), and phloem and other norylem cells are excluded. After cell

wall digestion, approximately 6 layerbkig. 1i,j) of differentiating xylem cells are released
into the buffer solution. In a@Populs species P. tremula x tremuloide$, actively
differentiating xylem cells are located within ~400 um centripetal distance from vascular
cambiuni®. In P. trichocarpa this distance is equivalent tol6 layers of thirwvalled
differentiating xylem cells. Proteins and transcripts of wood formation genes such as those in
monolignol and cellulose biosynthesis pathways found more highly abundant in these
thin-walled cells (Fig. 1e,f) than those in theoma differentiated cells with thickened

secondary cell walf§*® (Fig. 1f). These resuldemonstrate that the protoplasts generaged
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our protocol are exclusively living differentiating xylem céllthe secondary ceWall or

wood formation cellsKig. 1i,j).

For small scale tissue preparations usigX from ~200 mg (one 4€m segment) to ~2 g

(four 10cm segmentsthe stem can be tinto a suitable length before or after debarking to

fit into the tube with solution for ceWall digestion(Fig. 1g,h. The process of segmenting

four stem segments into one-B0 tube takes about 30 secon&#y( 1h). Because the SDX

cells on the surfze of the debarked stem are in direct contact wittrcétielolytic enzymes,

cell walls can be effectively digested in about 20 min, without any vacuum or shaking. For
large scales, the sequence of debarking, cutting into suitable length, and immeaatety d

is advisable to minimize the difference in eehll digestion times between the first and the

last stem segments. We have performed large scale tissue preparations of segmenting
debarked stems from up to 5 ochtonthold trees (~20 g SDX; forty 20m segments) into

ten 50ml tubes in about 60 seconds.

Cell-wall digestion solution.Freshly prepared enzyme solution provides the best results and
is suitable for infrequent or small scale isolation and transfection experiments. The solution
can also b prepared in a large amount, divided into aliquots and stor@0 ¥ before use.

The enzymes in such solution remain active for at least one month for generating protoplasts
with high vyields. Such a preparation is suitable for large scale experinsiosjng
reduction in total processing time. The total processing time can be further reduced by

eliminating the commonly used filtration of the enzyme solution through 0.22 or 0.45 pm
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filter?* * and heating of the MES solution to 90 for 3 5 minute&® for preparing the

digestion solution. We have confirmed that in our protocol these two eliminations do not
affect protoplast yield and transfeari efficiency. It is advisable to prepare and use freshly

prepared solution after one month storag@fC.

Protoplast collection for direct transfection. After cell-wall digestion, the treated stem can

be removed from the digestion tul§Eig. 1h) and transferred directly into the DNA
transfection buffer (MMG buffer) to release the protoplasts for transfection. This process
provides a very simple and effective means of separating digested protoplasts from the
cellulolytic enzymes and cell/tissue debsdeand thus eliminating the long and tedious
separation/treatment series required by other procedures. With the shorten protoplast

processing procedure, the-ime reconditioning® *>can als be eliminated.

Optimization of a protoplast isolation and transfection system has always been labor
intensive, inefficient and confounding, leading mostly to frustrations. This is because
whether the specific optimizations are successful are unknowrthentast step, after a long

series of experiments, where the transfection efficiency can be quantitatively determined
(fluorescence detection). None of the improvement of any intermediate steps can be an
indicator of an improved transfection efficien&ith other previous protocols involving at

least 11 major ste&ig. 2a), a user would face too many possible steps to be optimized for
their own tissue/cells. The key question is whether these 11 major steps are all necessary.

Our protocol involves a vg brief tissue preparation and efficient eshll digestion system
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and the exclusion of at least 6 major processing stégsd) used in common procedures. A
brief protocol is needed for easy adaptations to a much wider range of species and tissue

types through simple and efficient optimizations.

Plasmid DNA quality and size.The plasmid DNA needs to be ready for transfection
immediately after protoplast collection. The quality of plasmid DNA is an important factor
affecting the protoplast transfecti@fficiency. Both the DNA purification method and the
DNA OD,5/ODygp value should be considered for evaluating the quality of the DNA for
transfectio “® We routinely use CsCl gradienttracentrifugation for purification. When
compared with the other purification methods, this CsCl procedure in our hands consistently
gives the highest DNA yield and protoplast transfection efficiency, even when a DNA

ODzeo/Ongo value is as low as 17..4

The size of the plasmid DNA does not seem to have a dramatic effect on transfection
efficiency in our protocol. While large plasmid DNA (> 10 kbs) is not recommended for
protoplast transfectiGf *, we have always been successful in transfecting SDX protoplasts
with a binary vector of 13 kbs “in size with transfection efficieies similar to smaller
plasmid DNAs (< 10 kbs). The dependency of transfection efficiency on DNA sizes may be

cell-type specific. When available, smaller plasmid DNAs should be used first.

Experimental controls. We routinely use the green fluorescencet@n GFP, expressed
under the control of a CaMV 35S promoter in a pUC19 vector (4.5 kb), as a reporter for
guantifying the transfection efficiency, using GFP-less pUC19 vector as a negative

controf " ™ For transient gene expression, we always use a single phi3#@ plasmid
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DNA for simultaneous expression of the target gene @RB, each under the control of a
CaMV 35S promoter. A portion of the same batclpmftoplasts is also transfected with the

same plasmid DNA but without the target gene as a negative Cohtrbl
Limitations

Plant cell protoplasts are knownrmaintain their differentiated state and many other unique
cell properties in isotonic solutions, but these cell properties may remain viable within ~48 h
after isolatioh %' 2% *° Therefore, protoplasts are not suitable as a cell or transient expression
system where longer term viability of essential cell properties is required. As individual free
cells lacking any compartmentalizatioprotoplasts are also not suitable for studying

processes associated with @elcell communications.
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M aterials

Reagents

1 Glucose (Acros Organics, cat. no. 41095)

1 Sodium chloride (NaCl) (Sigma, S3014)

i Mannitol (Sigma, cat. no. M1902)

1 Potassium lgloride (KCI) (Sigma, cat. no. P9541)

1 Calcium chloride (CaG) (Sigma, cat. no. C3881)

1 Magnesium chloride (MgG) (Sigma, cat. no. M8266)

1 4-morpholineethanesulfonic acid (MES) (Sigma, cat. no. M2933)

1 Bovine serum albumin (BSA) (Fisher, cat. no. BP1600)

1 Cellulase R10 (Yakult Pharmaceutical Ind. Co., Ltd., cat. no. L0012). Storé@t 4

1 Macerozyme RLO (Yakult Pharmaceutical Ind. Co., Ltd., cat. no. L0021). Store at 4

°C.

1 Polyethylene glycol (PEG) 4000 (Sigma, cat. no. 81240)

i RNeasy plant mini kit (Qiagerat. no. 74904)

i RNasefree DNase set (Qiagen, cat. no. 79254)
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1 RNA 6000 Pico Kit (Agilent, cat. no. 506I/513)

i Premier peat moss (Wy&afiuarles, cat. no. PM078P)

1 Sunshine MVP (WyatQuarles, cat. no. GB2079)

1 Osmocote (Hummert international, cat. no-6:92)

i Miracle-Gro (Hummert international cat. no.-8633)

i LB broth (Fisher, cat. no. BP1427500)

1 One Shot® TOP10 chemically competdascherichia coli(Invitrogen, cat. no.

C4040)

=

Glycerol (Sigma, cat. no. G6279)

1 Yeast extract (TEKnova, cat. no. Y9010)

=

Tryptone (TEKnova, cat. no. T9010)

1 Potassium phosphate, dibasic trihydrate ,HRO,-3H,0) (Fisher, cat. no.

AC205935000)

1 Potassium phosphate monobasic ¢RBy) (Sigma, cat. no. P9791)

1 Ethylenediaminetetraacetic acid disodium salt (EEN&) dihydrate(Sigma, at. no.

E5134)
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i Sodium hydroxide (NaOH) (Sigma, cat. no. S8048)AUTION Sodium hydroxide
can decompose proteins and lipids which cause severe chemical burns. Protective equipment

should be always used during the operation of this compound.

i Sodium dodecysulfate (SDS) (Sigma, cat. no. L3771CAUTION SDS can cause

skin irritation. Masks should be used when handling SDS powder.

1 Potassium acetate (Sigma, cat. no. P1190)

1 Acetic acid (Fisher, cat. no. BP2401)

i 1-Butanol (Fisher, cat. no. A399)

1 Isopropanol (Fiser, cat. noAC38971)

1 Ethanol, 95% (VWR, cat. no. V1116)

1 Cesium chloride (Sigma, cat. no. 562602)

1 Ethidium bromide (EtBr) (Sigma, cat. no. ES751JAUTION Ethidium bromide is

mutagenic. Always wear gloves and avoid contact with skin or eye.

1 Double distiled autoclaved water (ddB)

Equipments

1 70-um laboratory sifting mesh (Carolina Biological Supply, cat. no. 652222N)

i Metallized hemacytometer Hausser Briglime (Hausser Scientific, cat. no. 3120)
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1 Fiskars bypass hand pruner (Lowes, cat.88149)! CAUTI ON The pruners are

very sharp. Be careful during cutting the stems using the pruners.

1 EMS flattip tweezers (Electron Microscopy Sciences, cat. no. 73252

1 Aluminum foil roll (VWR, cat. no. 8906337)

1 50-ml Falcon tube (Worldwide, cat. no. 41021039)

1 2-ml roundbottomed microcentrifuge tuf€)SA Scientific, cat. no. 1620700)

1 Sigma high capacity centrifuge (Sigma, cat. ra64)

1 Optima MaxXP ultracentrifuge (Beckman Coulter, cat. no. 393315)

1 TubeOptisealBeckman Coulter, cat. no. 361621

1 Swing-out raor (Sigma, cat. no. 11150)

1 Round bucket for swingut rotor (Sigma, cat. no. 13350)

1 Sterile petri dishes (VWR, cat. no. 253848)

1 6-well culture plate (Corning, cat. no. 3736)

1 Bioanalyzer (Agilent, Agilent 2100 Bioanalyzer)

1 Microcentrifuge (Eppendorf, tano. 5417C)

i Pressurdormed containers (Hummert international, cat. ne9&40, 149637)
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T 2-liter flask (Fisher, cat. no. FBO0-2000)

=

Miracloth (Fisher, cat. no. NC9147303)

1 250-ml media bottle (Fisher, cat. no.-806-510)

1 20-G needle (Becton Dickinsorat no. 305175) CAUTION Be careful during the

operation of needles.

1 3-ml syringe (Becton Dickinson, cat no. 309657)

1 Nanodrop (Thermo Scientific, Nanodrop 2000)

1 Incubator shaker 12400 (Fisher, cat. no.728-2)

Reagent setup

0.1 M glucoseDissolve 9 g bglucose in 500 ml dd¥D. Filter it through a 0.45m filter

and store at room temperature.

1 M NaCl Dissolve 29.22 g of sodium chloride in 500 ml of d@HAutoclave the solution

and store at room temperature.

3 M NaCl Dissolve 87.66 g of sodium chloridie 500 ml of ddHO. Autoclave the solution

and store at room temperature.

0.8 M mannitol Dissolve 14.6 g of mannitol in 100 ml of dgbl Freshly prepare this

solution to ensure the concentration of mannitol is accurate.
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2 M KCI Dissolve 14.91 g of KCI i100 ml of ddHO. Autoclave the solution and store at

room temperature.

1 M CacCl, Dissolve 29.4 g of Cagin 200 ml of ddHO. Autoclave the solution and store at

room temperature.

1 M MgCl, Dissolve 9.52 g of MgGlin 100 ml of ddHO. Autoclave the solutio and store

at room temperature.

0.2 M MES (pH 5.7)Dissolve 7.8 g MES in 150 ml dgB. Use KOH to adjust the pH to
5.7, and dilute the solution to 200 ml using d@H Filter the solution through a 04#n

filter and store at room temperature.
10% BSA Dissolve 1 g of BSA in 10 ml of ddy®. Divide into aliquots and store @0°C.

0.5 M EDTA (pH 8.0) Stir 46.53 g of EDTA powder in 200 ml of ddBl. Use NaOH to
adjust the pH to 8.0. Dilute the solution to 250 ml by adding.@diAutoclave the solution

and stoe at room temperature.

10 mg/ml EtBr Dissolve 100 m@f EtBr in 10 mlof ddH,O. Store in the dark at %C.

LB broth Dissolve 20 g LB powder in 1 liter of ddB. Autoclave the solution and store at

room temperature.

Terrific broth Dissolve 12 g of trypton&4 g of yeast extract, 2.2 g of KPO4 and 9.4 g of
K2HPO,-3H,0 in 1 liter of ddHO with 4 ml of glycerol. Autoclave the solution and store at

room temperature.
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Solution | Solution 1'is 10 mM EDTA (pH 8.0). Store at room temperature.

Solution 1l Dissolve8 g of NaOH and 10 g of SDS in 1 liter of dgH Store at room

temperature.

Solution Il Dissolve 250 g of potassium acetate in 1 liter of glakith 150 ml acetic acid.

Store at £C

1M NaCl-saturated l-butanol Mix equal volume of 1M NaCl and-futanol, sake
vigorously. Wait until the phases separate before use. Store ifijghtontainers at room

temperature.

Cell wall digestion enzyme solutionDissolve 1.5% (wt/vol)Cellulase R10 and 0.4%
(wt/vol) Macerozyme RLO in 20 mM MES, 0.5 M Mannitol and 26M KCI solution, and
incubate at 55C for 10 min. Add 10 mM Cagland 0.1% BSA after the enzyme solution

returns to room temperature. Enzyme solution can be stor2d @ for up to 1 month.

MMG solution MMG solution is 0.5 M mannitol, 4 mM MES (pHA.and 15 mM MgGl

MMG solution can be stored at room temperature for up to 2 weeks.

PEG solution Dissolve 40% PEG 4000 in 0.2 M mannitol and 100 mM ga@lution. This

is freshly prepared before use.

W5 solution W5 solution is 5 mM glucose, 2 mM ME$H 5.7), 154 mM NaCl, 125 mM

CaCb, and 5 mM KCI. W5 solution can be stored at room temperature for up to 1 month.
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Procedure
Plant material maintenance

1 | GrowP. trichocarpagenotype Nisqualhl plants in a greenhouse (256 °C, 16 h light/8

h dark cgle and supplemental lighting of ~150 pBst) in soil containing ¥ Premier peat
moss and 2 Sunshine MVP. Water (everyday) and fertilize (once a month; using Osmocote
and MiracleGro) the plants. While these plant growth conditions are more specific for
Nisqually-1, they may also be adequate for otRepulusspp. However, users are advised to
identify the appropriate growth conditions for species or genotypes othd? thdrhocarpa

Nisqually-1.

A CRITICAL STEP Using a healthy tree for protoplast iatbn will greatly improve
protoplast yield and transfection efficiency. In general, healthy leaves are indication of
healthy trees. FdP. trichocarpa stem secretion at th&%2o 5" nodes are an indication of a

healthy treeKig. 3).
? TROUBLESHOOTING

2 | Propagate plants by branch cuttingi@® cm) and rooting in waterFig. 4) in a
greenhouse. After rooting, transfer the plants tax 18 x 12 cm (top diameter/height/bottom

diameter) pots. After 3 months, transfer the plants te 30x 22 cm pots.
A CRITICAL STEP We routinely use 3to 9monthold plants for protoplast isolation.

Tissue preparation, protoplast isolatiof® TIMING 25 min
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3 | Cut the stems into four 4dn segments (~0.5.8 cm in diameter). Peel off the bark from
the stem segments d@rsubmerge them into 40 ml celkll digestion solution in a 5l

Falcon tube.

A CRITICAL STEP Only stems below the ¥0internode should be used for protoplast

isolation.

A CRITICAL STEP Debarked stem should have a vsugculensurface.

? TROUBLESHOOTING

4 | Incubate the debarked stems in-e&ll digestion solution for 20 min in the dark.

5 | Transfer the digested stems to 30 ml of MMG solution in-enlbBalcon tube using

tweezers and shake for 30 s to release the protoplasts.

A CRITICAL STEP After shaking the 5@ml Falcon tube, MMG solution will become

cloudy as the protoplasts are released.
? TROUBLESHOOTING
6 | Filter the protoplasts through a@th nylon mesh into a new 5@l Falcon tube.

7 | Measure the protoplasts concentration using a hemaeigoand adjust the concentration

to 2x 10°/ml for protoplast transfection (see below).

? TROUBLESHOOTING
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Box 1 | Plasmid DNA preparation. TIMING 2d

High-quality plasmid DNA is needed for protoplast transfection. Impure plasmid DNA will
significantly reduce protoplast transfection efficiency. Different methods to purify plasmid
DNA for protoplast transfection were testédi® We recommend theCsCl gradient
ultracentrifugation method for plasmid DNA purification, which provides the highest
plasmid DM yield and the best protoplast transfection efficiency. Plasmid DNA prepared
using the CsCl gradient ultracentrifugation method can store2D3€ for months before it

is used for protoplast transfection.

1. Inoculate 5 ml of sterile LB medium with angle TOP10E. coli colony carrying the

plasmid DNA of interest and grow to late log phase {§&B ~0.6) at 37C as a seed culture.

2. Inoculate 250 ml of Terrific broth in al@er flask with 500 pl of seed culture, and

incubate for 12 h at 3 with vigorous shaking (~235 rpm).

A CRITICAL STEP For culturing the same amount of terrific broth (250 ml), the plasmid

DNA vyield is higher using a 2 liter flask than using-0ob 1-liter flasks.

3. Collect theE. coli by centrifugation at 5,009 (swingbucketrotor) or 7,000g (fixed-

angle rotor) for 10 min at ZC.
B PAUSE POINT E. colipellet can be stored &0 °C for up to 1 month until use.

4. Use 20 ml of solution | to resuspend Ehecolipellet.
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5. Add 40 ml of solution Il to th&. coli suspension ahinvert the tube gently for 10 times.

Incubate the mixture at room temperature f&r Bin.

6. Add 15 ml of solution Ill and invert the tube for 15 times.

7. Centrifuge at 3,009 (swing-bucket rotor) for 10 min at 2C.

8. Filter the supernatant througHayers of Miracloth into a 25 media bottle.

9. Add 50 ml of isopropanol to the filtered supernatant to precipitate the plasmid DNA. Mix

well and incubate at room temperature for 10 min.

10. Spin down the plasmid DNA by centrifugation at 5,§@8wing-bucket rotor) for 10 min

at room temperature.

11. Add 10 ml of 95% ethanol to rinse the plasmid DNA pellet and drain the ethanol.

12. Air dry the plasmid DNA pellet for-50 min.

13. Add 3.6 ml of solution | to dissolve the plasmid DNA pellet.

14. DissoVve 4.85 g of CsCl in the plasmid DNA solution and add 0.26 ml of EtBr.

15. Centrifuge at 4,008 (swing-bucket rotor) for 5 min at room temperature.

16. Add the supernatant into ar8 ultracentrifugation tube and seal the tube with a cap.

17. Centrifuge 8657,000g (fixed-angle rotor) for 1612 h at room temperature.
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A CRITICAL STEP Do not perform the centrifugation at temperature lower thafC15
Lower temperatures will cause the CsCl to precipitate, disturbing the balance of the rotor and

damage the cwrifuge.
20. Carefully remove the tube from the centrifuge without disrupting the plasmid DNA layer.

21. Remove the cap from the tube and recover the plasmid DNA band by insertis@ a 20

needle connected to andl syringe. The volume of recovered plasrBNA is usually 1 ml.

A CRITICAL STEP Due to the close proximity of the plasmid DNA and RNA bands
located within the ultracentrifuge tube after centrifugation, extra care should be taken during

plasmid DNA recovery to minimize RNA contamination.

22. Add 2 nh of ddH,O (2 volumes of plasmid DNA solution) to dilute the plasmid DNA
solution (~1 ml) containing CsCl to prevent precipitation of CsCl during the EtBr extraction

step (Step 23).

23. Add 3 ml of 1 M NaGhkaturated -butanol (equal volume of plasmid DNgolution) and

shake vigorously to extract the EtBr. The solution will separate into organic and aqueous
(containing plasmid DNA) phases. Remove the upper organic phase, and repeat this step
until no pink color (EtBr contamination) remains in the plasmidAD$&blution (aqueous

phase). The volume of plasmid DNA remains as ~3 ml after EtBr extraction.

24. Add 9 ml (3 volumes of plasmid DNA solution) of 95% ethanol to precipitate the plasmid
DNA. Centrifuge at 5,00Q (swing-bucket rotor) or 7,009 (fixed-anglerotor) for 10 min at

room temperature.
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25. Wash the plasmid DNA pellet with 5 ml of 75% ethanol twice and air dry the pellet.

26. Dissolve the plasmid DNA pellet with dgbl and use a Nanodrop to determine the

plasmid DNA concentration.

A CRITICAL STEP Fora plasmid DNA pellet from 250 ml culture, SG®0 pl ddHO is

recommended to dissolve the pellet, and the expected DNA concentrafiénnmginl.
? TROUBLESHOOTING

27. Adjust the plasmid DNA concentration to31lmg/ml for protoplast transfection (see

below). Plasmid DNA can be stored-a0 °C for up to 6 months.

Protoplast transfection and incubation @ TIMING 20 min

8 | Protoplast (% 10°/ml), plasmid DNA (13 mg/ml) and PEG solution are required for
protoplast transfection. The ratio of protoplastgohid DNA/PEG solution volume (10:1:11)
should be fixed. The quantities of protoplasts are recommended for different types of
experiments iffable 2 We will use 2x 10° protoplasts transfection as an example for the
following steps (Stepsi@5). Mix 1 mlof protoplasts with 0.1 ml of plasmid DNA, and then
add 1.1 ml of PEG 4000 solution in a-B0 Falcon tube. Mix the protoplast mixture by

swirling the tube and incubate foir B) min at room temperature.
A CRITICAL STEP The protoplasts mixture should beadevithout any precipitation.

? TROUBLESHOOTING
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9 | Add 4.4 ml of W5 solution (2 volumes of protoplast mixture) and invert thal3talcon

tube for 7 times.

10 | Spin down the protoplasts by centrifugation at @@ 2 min at room temperature and

discad the supernatant.
? TROUBLESHOOTING

11 | Add 10 ml of W5 solution to resuspend the transfected protoplasts, and incubate the
protoplasts in a 108 15 mm petri dish coated with 1% BSA solution. The recommended

incubation times for different types of expeents are listed iffable 2

A CRITICAL STEP Coat the 100« 15 mm petri dishes by addingi®D ml of 1% BSA

solution and shaking fori80 s. Discard the BSA solution.

A CRITICAL STEP The transfection procedure for smaller quantities of protoplasts (2
10% can be performed in a-12l roundbottomed microcentrifuge tube. The transfected

protoplasts (2 x 1) can be incubated in 1 ml of W5 solution iw@ll culture plates.
Protoplast harvest and determination of transfection efficiency. TIMING 10 min

12 | After incubation, transfer 30800 pl of protoplasts to a-&l microcentrifuge tube to
examine the transfection efficiency (see below). Centrifuge the remaining protoplasts at 500
g for 2 min at room temperature and discard the supernatant. Freezetth@agsts by liquid

nitrogen and store a80 °C for up to 3 months until use.

? TROUBLESHOOTING
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13 | Centrifuge the -Bnl microcentrifuge tube from Step 12 at 5Gor 2 min at room

temperature. Use ~40 pl of supernatant to resuspend the protoplasts.

14 |Place the protoplasts on a hemacytometer and count both transfected (with fluorescence,
Fig. 5) and untransfected (no fluorescence) protoplasts. Transfection efficiency = number of

transfected protoplasts/total number of protoplasts.

? TROUBLESHOOTING

Box 2 | RNA extraction and quality examination @ TIMING 80 min

RNA can be extracted from transfected SDX protoplasts for analysis by RNA deep
sequencing, micrarray, reatime RT-PCR, and northern blotting. In addition, protoplasts
transfected with plasmi®NA containing transcription factors can be used for quantitative

transcriptomics to rapidly decipher fuctional hierarchical regulatory netorks

1. Extract RNA from protoplasts using the RNeasy Plant mini kit. Treat the RNA with
RNasefree DNase duringhe extraction to eliminate genomic DNA contamination. Detall

RNA extraction procedure is available from Qiagen (http://www.giagen.com).

A CRITICAL STEP ~100 ng of RNA can be extracted fromx2L0° protoplasts using the

RNeasy Plant mini kit
B PAUSE POINT RNA can be stored a80°C for up to 6 months until use.

? TROUBLESHOOTING
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2. Examine the RNA quality, the RNA integrity number (RIN), using Agilent Bioanalyzer
with RNA 6000 Pico kit Fig. 6). The detailed procedure can be found in the user manual

from Agilent (http://www.home.agilent.com).

A CRITICAL STEP Two indications of good quality RNA>: (1) The RNA integrity

number (RIN) number is close to 10. (2) The ratio of 18S rRNA to 28S rRNA is close to 2.

? TROUBLESHOOTING

? TROUBLESHOOTING

Troubleshoting advice can be found ifable 3.

@ TIMING

Steps 87, tissue preparation, protoplast isolation: 25 min

Steps 811, protoplast transfection and incubation: 20 min

Steps 1R14, protoplast harvest and determination of transfection efficiency: 10 min
Box 1, plasmid DNA preparation: 2 d

Box 2, RNA extraction and quality examination: 80 min
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Anticipated results

After debarking, a succulent stem surface is anticipated for a healthy plant. If the stem
surface is dry or the bark is difficult to be peeled off,deenot recommend the operator to
continue with the experiment until a healthy plant is identified. Following our protocol, the
user should anticipate generating ~2.5 *3DX protoplasts from two 16m stem segments

with diameters ranging from0.5 to ~08 cm. This yield is equivalent t62.5 x 10
protoplasts/g of fresh SDX. Another important indicator of a successful experiment is at Step
30, where the clear MMG solution becomes very cloudy due to the release of protoplasts
right after shaking the soloh containing the digested stems. If at this step, the MMG
solution does not become cloudy, low protoplast yields would normally result. Low
protoplast yields may not suitable for all applications but may still be useful for certain
applications Table 2). During protoplast transfection in Step 33, the mixture of protoplast
and plasmid DNA is anticipated to be clear without any precipitation. Precipitation at this
step usually is an indicator of low transfection efficiency, and the user should consider re
purify the plasmid DNA before continuing to the next steps (Jebdle 4 for
troubleshooting). Following our protocol, the user should anticipate an at least 30%
transfection efficiency. From every 2 x>Ifrotoplasts (transfected or ntransfected), the

user should anticipate isolation of over 100 ng of good quality total RNAs, with an RNA

integrity number (RIN) of ~9 and an 18S/28S rRNA ratio close t&@ 6©).
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Figure 1 | Cell types in the stem of P. trichocarpa and the stem dipping approach for releasing
protoplasts from wood forming cells. The cregxtion view of thentact stem (a) and of the

stem with the bark partially separated from the wood (b) fromnaolthold greenhouse
grown P. trichocarpa. Transverse s¢hin sections of the stem (c) and of the stem with bark
partially separated from the wood (d). The bar&udes phloem (P) and phloem fiber (PF)
cells. The xylem or wood includes differentiating xylem (DX) cells, which mature into-thick
walled xylem fiber (XF), vessel (V), and ray (R) cells. When the bark is separated or
removed from the wood, all VC, P aRd cells stay in the bark side (d), whereas DX cells
stay with XF, V, and R cells in the wood side (h).situ localization of cellulose synthase
gene transcripts (EgraCesA) in stems of eucalyptus46. Serial transverse sections (10 pm)
from the sixth (e).eighth (f) stem internodes were hybridized with ElBeled probes
derived from EgraCesAl (e), and EgraCesA3 (f) (Lu S. et al. (2008)). To generate
protoplasts from the wood forming cells, or the DX cells, the stem is first debarked (g) and
cut into 16cm segments and 4 such segments are emerged into theatdetigestion
solution in a 5éml Falcon tube (h). Transverse sdimin crosssections of a debarked stem
before (i) and after (j) celvall digestion, showing approximately 6 layers of stem
differeniating xylem (SDX) cells (space between blue dotted lines in (j)) are released after
digestion. The upper blue dotted line in (i) indicates the outmost DX cell layer.-Cross
sections (b, d, i and j) were stained with Fast green and Safranin O showing Xiative

and R cells in red and differentiating xylem (DX) cells in light brown and blue. The white
scale bars in (a), (b), (g), and (h) are equivalent to 1 cm; the black scale bars in (c), (d), (e),

(M, (), and (j) are equivalent to 50 pm.
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a
Previous procedures: 6-8 h

Tissue preparation (5-30 min)
{il P trichocorpa wylam pleces,
Stage 1 Arabldapsis leaf pleces, or
Popwlis lesl pieces
Cell wall digestion (3-5 h)
Stage 2 l {ii]
Protoplast collection (5 min)

(iii] Relesse protoplast
im @nzyma salution

{iw] Dilution of enzyme
solution

Stage 3

v Filvar

|wi] Collest pretoplasts
by centrifugation

¥
|wii] Resuspension of
protoplasts

& bl Countcell
Protoplast recondition (40 min)

(ix] Protoplasts omice

=] Pracipitation/

Staged Centrifugation

|xi] Resspensionin
Dk transfection
v bufer
DMA transfection (15 min)
Stage5 l

Incubation

b

Our current procedure:<1h

Tissue preparation (Step 3: 30 sec)

{i] P.trichocorpe debarked
Stage 1 stem segments

Cell wall digestion (Step 4: 20 min)
Stage 2 1 {iil
Protoplast collection (5teps 5-7: 5 min)

(iii] Releass proteplast in DNA

transfection buffer
Stage 3 +
{iw] Filter
¥
vl Count call

DMA transfection [Steps 8—11: 10 min)
Stage 4 l
Incubation

Figure 2| The workflows highlighting the difference of timing and the reduced steps of
protoplast isolation and transfection systems between previous (a) and our current (b)
protocols. The difference can be explained by the protoplast yield, timing, and transfect

efficiency (see Table 1).
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Figure 3 | A healthy 3-month-old greenhouse-grown P. trichocarpa plant. Yellow stem
sap indicated by the white arrows is on the 2™ to 5 nodes. The developing leaves on 2
and 3" nodes are gleaming. The fully expanded leaves on 4™ and 5% nodes are bright

dark-green on the surface.
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Figure 4 | Ex vitro propagation of P. trichocarpa. (a) A 10-day-old lateral branch on a 4-
month-old plant. The scale bar is equivalent to 5 cm. (b) The leaf of branches were
timmed to decrease the evaporation. The branches are placed in water for rooting in a

greenhouse. (¢) The branch generated root after 18 days.
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H2A-mCherry Bright fidd Mearged

Figure 5 | Transfection efficiency of SDX protoplasts. H2A fused with mCherry in
pUC19 vector was used as a nuclear marker to observe the transfected protoplasts for
calculating transfection efficiency. (a) The red fluorescence from H2A fused mCherry in
nucleus indicates the transfected SDX protoplasts. (b) The morphology of the protoplasts
in bright field. (c) The merged image of (a) and (b), showing the portion (efficiency) of
the transfected protoplasts in the total population. The transfected protoplasts were
observed under a Zeiss LSM710 laser scanning microscope. The white scale bar is 50 pm.
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285 rRNA fragment

:

188 rRNA fragment

'

Marker

Fluorescence

RIN 9.2

Time (Seconds)

Figure 6 | RNA quality of SDX protoplasts. Total RNA was isolated from SDX
protoplasts and the quality was examined usmg the Agilent 2100 Bioanalyzer with the
Agilent RNA 6000 Pico Assay chips. The ratio of 285 rRNA/I185 rRNA calculated by
bioanalyzer software is 2.1. The RNA integrity number (RIN} is 9.2. Marker represents
the RNA 6000 Pico marker.
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Table 1 | Comparison of protoplasts isolation and transfection systems.

Species Tissue/Preparation Time Yield TE*
P. trichocarpa’ (Our protocol )2 Xylem/debark <1lh 25x107g =30%
E. grandis (Our protocol)® Xylem/debark <lh ~25x107/g Nad
Pinus banksiana and Pinus strobus™  Xylem/Scraping >3h NA NA
Pinus pinaster'® Seedlings/cut into pieces >8h NA NA
P. tremula x alba® Leaves/cut into strips >6h 1x107/g >70%
P. deltoides x P. euramericana™ Leaves/cut into strips >5h 1=10%g =80%
P.euphratica and P. popularis*’ Roots/cutinto pieces >T7h NA NA
E. citriodora®? Cotyledon/cut into strips >16h NA NA
Robinia pseudoacacia L.*5 Leaves/cut into pieces >12h 945x10%g NA
Arabidopsis thaliana® Leaves/cut into strips =6h 1x107g >60%
Arabidopsis thaliana® Leaves/cut into strips <2h 05~1x107/g =>60%
Petunia and Calibrachoa® Leaves/cut into strips >15h 1.7x10%g NA
Oryza sativaL*’ Leaves/cut into strips >4h 1x1071g =>50%
Brachypodium distac hyon® Leaves/cut into strips >4h 16x107/g =>50%
Bienertia sinuspersici: Leaves/groundintopowder >4h 2% 10%g >80%

n > 200 independentisolations/transfections using the optimized protocol, with the
processing time, yield and TE as indicated. 'n = 5 independent isolations using the optimized
protocol, with the processing time and yield as indicated “transfection efficiency. “Datanot
availahle
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Table 2| Suggested quantities of protoplasts and incubation times for different applications.

Protoplast quantity Application Incubation time
2 x 10 Subcellular localizatior 5i 24 h
2 x 1¢ GUS assay 7i12 h
2 x 10 RT-PCR 7i24h
5x 10 Western blotting 7i12 h
6x 10° RNA sequencing 7i24 h
5x 10° Immunoprecipitation 7i12 h

Table 3| Troubleshooting table

Steps Problem Possible reason Solution
1 Poor plant condition No enough water or Water and fertilize
nutrients (Osmocote and Miracle

Gro) plants routinely

No stem sap on the The trees are notin Examine whether the

nodes the growing season temperature is stable in the
greenhouse
3 The surface is not No enough water or Water the trees more
juicy low greenhouse frequently and examine the
temperature temperature of the
greenhouse
5 MMG solution does Poor tree condition See troubleshooting of Stef
not become cloudy 1
7 Low Poor plant growth or Ensure the plants are healt|
concentration/yield of ineffective enzymes and the enzymes have not
protoplasts been stored for too long

Box 1 Low plasmid DNA Using overcultured Ensure the culture time of
(step 26) vyield bacteria the bacteria is aroun@®.
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Table 3Continued

10, 12

14

Box 2

(step 1)

Box 2
(step 2)

Precipitation in
protoplast and DNA
mixture

Low recovey of

transfected
protoplasts

Low transfection
efficiency

Genomic DNA
contamination

Poor RNA quality

Using low copy
number vector

Salt contamination ir
plasmid DNA

Not effective
centrifugation

Protoplasts from
unhealthy plants or
low quality of
plasmid DNA

Not effective DNase
digestion

RNase contaminatiol
or too much
supernatant left
during protoplast
harvest

Change to high copy
number vector

Repeat more times of 75%
ethanol washing (Step 25)

Higher centrifugation speec
(up to 750g) or longer
centrifugation time (up to 5
min) can be applied for
higher protoplast recovery.
Centrifugation speed highel
than 750y may damage the
protoplasts

Ensure the plants are healt
and use CsCI gradient
ultracentrifugation method
to extract the plasmid DNA

Perform DNase digestion ir
the microcentrifuge tube
instead of on column

Ensure the RNA extraction
kit is not expired and discarc
as much supernatant as
possible when harvesting
protoplasts
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Supplementary Table 1.Optimization of PE@GMJediatedP. trichocarpaSDX Protoplast

DNA Transfection
Plasmid DNA DNA/cell PEG Transfection  Transfection
purification ratio type % [v/v] time (min) efficiency”
Qiagen mini 10 pg/2x10° PEG4000 40 10 < 5% (n>10)
Qiagen midi 10 pg/2x10* PEG4000 40 10 ~ 15% (n>10)
CsCl gradient 30 ug/2x10* PEG4000 40 10 ~ 30% (n>10)
CsCl gradient 20 ug/2x10* PEG4000 40 10 ~ 30% (n4.0)
CsCl gradient 10 ug/2x10* PEGS8000 40 10 < 5% (n=1)
CsCl gradient 10 ug/2x10* PEG6000 40 10 <15% (n=1)
CsCl gradient 10 ug/2x10* PEG4000 10 10 < 5% (n=1)
CsCl gradient 10 ug/2x10* PEG4000 20 10 < 15% (n=1)
CsCl gradient 10 ug/2x10* PEG4000 40 0.5 < 30% (n=2)
CsCl gradient 10 ug/2x10* PEG4000 40 5 ~ 30% (n=2)
CsCl gradient 10 ug/2x10* PEG4000 40 10 ~ 30%(n>200)"
CsCl gradient 10 ug/2x10* PEG4000 40 15 ~ 30% (n>10)
CsCl gradient 10 ug/2x10* PEG4000 40 30 < 30% (n=2)
CsCl gradient 10 ug2x10* PEG4000 40 60 < 15% (n=2)

% represents the number of biological replicates of transfection efficiency test (see
Procedur¢ for each set of conditions.
®The optimized SDX protoplast transfection condition used fdPte8ND1B1

overexpression exgiments.
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Secondary Wall-Associated NAC Domain 1s (SND1s) are transcrip-
tion factors (TFs} known to activate a cascade of TF and pathway
genes affecting secondary cell wall biosynthesis (xylogenesis} in
Arabidopsis and poplars. Elevated SND1 transcriptional activation
leads to ectopic xylogenesis and stunted growth. Nothing is known
about the upstream regulators of SNDY. Here wereport the discovery
of a stem-differentiating xylem (SDX}-spedfic alternative SMD 7 splice
variant, PirSNDT-A2", that acts as a dominant negative of SND1 tran-
scriptional network genes in Populus trichocarpa. PtrSNDT-AZ™
derives from PirSNDT-AZ2, onhe of the four fully spliced PIrSNDT gene
family members (PirSND7-AT, -A2, -B7, and -B82). Each fullsize
PtrSND1 activates its own gene, and all four fullsize members acti-
vate a common MYB gene (PirAdYBO27). PtrSND1 -A2" represses the
expression of its PrSNDT member genes and PifWYB027. Repression
of the autoregulation of a TF family by its only splice variant has not
heen previously reported in plants. PtrSND1-A2" lacks DNA binding
and transactivation abilities but retains dimerization capability.
PtrSND1-A2"™ is localized exclusively in cytoplasmic foci. In the pres-
ence of any full-size PtrSND1 member, PtrSND1-A2" is translocated
into the nucleus exclusively as a heterodimeric partner with full-size
PtrSND1s. Our findings are consistent with a model in which the trans-
located PtrSND1-A2"™ lacking DNA-binding and transactivating abili-
ties can disrupt the function of full-size PtrSND1s, making them
nonproductive through heterodimerization, and thereby modulating
the SND1 transariptional network. PtrSND1-A2® may contribute to
transcriptional homeostasis to avoid deleterious effects on xylogen-
esis and plant growth.

ood is an important source of materials and energy. Wood

formation is & result of the regulated accumulation of sec-
ondary xylem cells (fibers, vessels, and rays in dicots) differenti-
ated from the vascnlar cambium (1). Differentiation of these cells
involves wall thickening accompanied by the biosynthesis of wall
components, lignin, cellulose, and hemicellnloses, and it is ter-
minated by programmed cell death (1). Regulation of wood for-
mation is known at the level of transcription factors (TFs). A small
group of NAC TFs is implicated in wood farmation (2, 3). Much of
this knowledge was derived from recent work on xylogenesis in
Arabidopsis (4-6).

Approgimately 110 NAC genes are found in the Arbidopsis
genome. Of these, five are named SNIJ (Secondary Wall-Associ-
ated NAC Domain) (7), and seven are named VNI (Vascular-
Related NAC Dornain) (8, 9). SNDs play more specific roles in
fiber cell differentiation, and VNDs are activators of vessel for-
mation. SNDT and VIND6/7 can each activate the expression of the
same set of 12 downstream TF genes, mostly MYBs (5, 6). SNDL
and VIND/7 can also directly or mdirectly activate genes associ-
ated with lignin, cellulose, and hemicellulose biosynthesis through
other T'¥Fs that are also part of the secondary cell wall biosynthesis
regulatory network (5, 6). In this network, higher-level (such as
transacting factors) regulation of SNDT and VINDS/7 is expected
to prevent these NACs from activating the transcription of a cas-
cade of TFs and pathway genes. When this transcriptional ho-
meostasis is not maintained, stunted growth, ectopic secondary

WWLPNas.orgieg ol 0.1073/nas. 1212977109

cell wall thickening, and deposition of wall components result, as
demonstrated by overexpression of SND and FND genes in Ar-
bidopsis or poplar (2). However, nothing is known about the
higher-level regulation of SND or VND,

Most TFs, including NACs, dimerize to transactivate target
genes in the nucleus (10). After protein synthesis in the cytoplasm,
TF translocation as monomers or dimers into the nudeus there-
fore offers fandamental strategies for transcriptional regulation
(10, 11). A few NACs, such as Arebidopsis SNDT and VNDS, were
shown to be in the nucleus (7, 9, 12, 13), but, surprisingly, the
subcellular locations of NAC dimers have never been demon-
strated. Knowledge about nucleocytoplasmic transport, including
the monomer-to-dimer transition of SNDs and VINDs, is central to
a more comprehensive understanding of transcriptional regula-
tion In xylogenesis.

Transcriptional repression through repressor and corepressor
TFs is also a useful mechanism for maintaining transcriptional
homeostasis (14, 15). Many such TFs are dominant negatives
derived from mmutations or alternative splicing that disrupt TFs’
DNA-binding fanction, but not their protein—protein interaction
or dimerization ability (16, 17). The defective TF can still heter-
odimerize or homodimerize with a functional TF, forming
a complex where there is only one DNA-binding or activation
dornam instead of the required two, resulting in nonfunctional
protein complexes (15, 17, 18). Both dominant-negative mmta-
tions and splice variants of TFs have been extensively studied in
animals (15-18). In plants, there are two very recent reports on
two alternative splice forms in Arabidopsis TFs that act as regu-
lators mhibiting their full-size gene product from activating a di-
rect downstream target (19, 20). In animals, a dominant negative
is often an antaganist of a set of targets or of multiple members of
a TF family (17, 18). This more effective means of maintaining
transcriptional homeostasis, which may be important for regn-
lating hierarchical transcriptional networks, has yet to be dem-
onstrated in plants.

Here we describe the discovery of naturally occnrring alter-
native splicing of PeSNII-42, a Populus michocarpa SNDI gene
family member. The splice variant PtrSNDT-A2™ is shown to be a
negative regulator of multiple PoSNDT gene family members and a
MYB gene—a direct target of these members. We conducted tran-
sient transcriptional perturbation in P. #rickocampa stem-differenti-
ating xylem (SDVX) protoplasts, transactivation, and electrophoretic
mobility shift assays (EMSAS). The findings were integrated with
results of SIXX subcellular protein colocalization and translocation,
yeast two-hybridization (Y2H), and bimolecular fluorescence
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complementation (BiFC) w provide further evidence for the
unique regulatory function of this splice variant.

Results

Naturally Oceurring Splice Variant of a PirSNDT Gene Was ldentified
Through PCR Cloning. RNA Sequencing (RNA-Seq), and 3° Rapid
Amplification of ¢DNA Ends [RACE). We identified 20 SN and
WD homologs in P, tichocarpa and demonstrated that essen-
tially all of them are preferentially expressed in SDIX (Fig. 51 and
Table 51). We focused on all four SNTH homologs, which we
mamed P3N -A1 (POPTE_01s15640; also named Privsiz/
PrWNDIA; refs. 2 and 3), PoeSNDI-A2 (POPTR_O001545250;
PrV‘-.SJJ”ﬁﬂiM}IB refs, 2 and 3), PeSNDI-BI (POPTR_

(14 10060, PN SOH PR N2 refe, 2 and 3), and PrSNDI-E2
(POFTR_ {)IKI?_QI?‘;EI}‘ PrvNST P!?ﬂ»']'\nDZB refs. 2 amd 3).
PerSNDI-AT woed <42 share 90.1% protein sequence identity (Fig.
S2pand are phylogenetically paired pene members, as are PIrSNDI-
BI and -B2 (81.9% protein sequence identity), We then cloned the
cDMNAs of these four member genes o study their transcrptional
functions.

These four genes have a typical NAC gene structure of three
exons and two introns, eno:rrjng cDNAs of ~1.2=1.3 kb. The
cDNA with the ted sive for each of the four PeSNDIs was
PCR-amplified from SDX (Fig. 14) and verified by sequencing.
There was a larger pmdu.LL (~1.7 kb) from PrSND-A2 (Fig. 14)
that retained the second intron from incomplete splicing of the
PrrSNDI-A2Z gene (Version 2.0 htepewww phytozome.org). The
1.7-kb cDNA variant is more abundant in 8DX than in phloem,
voung shoots, and reots (Fig, 18). We readily PCR-amplified this
1.7-kb cDNA from the SDX of 12 independent P. trichocarpa
plants (-9 mo old) maintained wnder normal greenhouse

BEEETEN intrend | intron EEERER

conditions and tested at different tmes. Furthermore, BN A-seq
of the SIXX transcripts of another set of three P, frchocanpa plants
confirmed the inclusion of intron 2 in the PrSATD-A2 mENA
(Fig. 1 " and [7). Essentially, no intron sequence reads were found
for PrSNDI-AT, -Bl, o1 -B2 mRNAs (Fig, 83).

We next tested whether the cloned 1.7-kb intron-retaining
cIINA was derived from the mature mENA. We conducted 37
EACE PCR on SDX ENAs 1o amplify sequences Danking ATG
and poly(A) tail (Fig. 1E, & and i) and oblained three products
(Fig. 1F). Sequencing of these producis verified that each had a 3°
poly(Aj tail. The largest product (~1.9 kb; Fig. 1F) included the
sequence of the second intron of the PreSNDI-A2 gene (Fig 1E,
iif}—a palyl A)-tailed version of the 1.7-kb cDNA described above.
The other two products (Fig, 1F) had no introns (Fig, 1E, &) but
encoded an identical protein, and their size difference was due
the different polyadenvlation sites on the completely spliced
PirSNIH=A2 mRBNA, For each of the other three PrrSNEHs, 37
RACE PCR resulted in amplification of only the full cDNA. These
results demonstrated that this alternative splicing event occurs
consistently and naturally, derived from a gene-member-specific
maire mENA that shoaws SDX specificity. We named this Intron
Retained splice variant PrSND A2 a unique transeript of the
PrrSNID family.

Splice Variant PERSNDT-AZ* Encodes a Unique NAC-Domain Protein in
[ :rh‘hnrpﬂ SDX cells. We next analyzed whether the PrSNDI-
A2™ mRNA is processed for protein production. The [ull-size
PrrSNDH-A2 cDNA was predicted to produce a protein of 418
amino acids (aa) with a conserved N-terminal NAC domain (130
aa) and a C-terminal activation domain {238 aa) (refs. 12 and 22

Fig. LI, iv). The MAC domain is encoded by exons 1 and 2 and the

Fig. 1. Dicovery of PiSNDI-A2% (&) PCR of
PHSNDT members PESNDT-AT (A7), PrSNDIA2
LAZ), PLSNDIT-BT (1), and PreSNDT-82 (B2). (B} gAT-
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and protein stroctures of A2 and 42% (i) A2 geno-
mic DA with three exons (E1-E3) and twwe intromns
{1 and IZ). (i) Twvo A2 mRNAs with differeat length
of FUTH {#i) AZ" mAlA with a retained intron 2
naving a premature termination codon (FTC). {iv)
A2 protein with an N-terminal AT domain con-
sisting of |, alalh, and pl-pé subdomains and a C-
terminal activation domain (AD). (V) A2 protein,
containing |, alafe, §1-55, and 12 aa, butlacking &
and AD . {F) ¥RACE PCR of A2 and A2™ Lane 1, size
marker, lane 2, PCR products from A2 (1.5 and 1.6
ch} and AF" (1.9 ki), The forward and reverse pric
miers are shown as left and right arrowheads in £, i
and i, {G) Western blot for antinody specificity. (/)
E, roli prod wed recombinant NAC-domain proteins
from al, AZ, B1, B2, and recombinant protein of the
full-length 42", probed with the NAC-domain an-
tibody (bladk star) located in the HAC domain of 42
{E. iv} and A2'% (€, o). (i) Purified full-length A1, AZ,
81, B2, and 42" recomiinant proteins from € coli
nrobed with the Ceerminal antibody {(gray star) lo-
cated at the C terminus of A2 {E, ivh. (M) Western
oot analysis of SDX total organelle proteim proned
wiith the NAC-domain antibody (black star) (1) and
probed with the Cterminal antinedy {gray stard 00,
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i subdomain from exon 3 (22). The activation domain s encoded
by the exon 3 portion without the 6 sequence. The PrSND1-42F
cDNA (L9 kD Fig. 1F) encodes a predicted protein of oaly 166 aa
because of a premamire termination codon (FTC) (Fig, 1E, iy in
the retained intron 2. As a result, PUSND 1-A2® would he a NAC-
domain protein that has no activation domain but has a protein
dimernization domain {ji and alaby, pl-f5 subdomains, and a
unigue C terminus of 12 aa translated from the retained intron 2
portion upstream of the PTC (Fig. 1E, »).

We then performed Western blot analysis to test for the pres-
ence of PrAND1-A2" protein. Protein-specific p-ulypc%ddss{l-"ig.
1E, v and v were selected as immu s to make antibodies that
wonld distinguish PirSND-A2® and -A2 and discriminate these
from the other three full-size PuSNDI proteins. Antibody speci-
Ticity was validated against Eschenichia coli recombinant profeing
from the five PrSNIN genes (Fig, 167, i), The SDX proteins gave
o bands with sizes comesponding w the predicied molecular
masses of PUSND1-A2 (47.2 kDa) and PuSND1-A2™ (19.5kDa),
respectively, by using antibodies that would recognize the NAC
domain of these two proteins (Fig, 1H, ) but not of the other thiee
PerSND1s (Fig. 165, i), The identity of these two proteins was
further discriminated by anti-PrSMI -A2-specific antibody { Fig.
1H, it). These results demonstrate the presence of a unique NAC
protein, PuSNDI-A2™ in P, tnchocarpa SDX. We then charae-
terized the function of this protein and its regulatory relationship
with the ather four full-size PUSNDI members.

PrSND1-AZ" Inhibits PtrMYB021 Gene Expression. In Armabidopsis,
SMI21 activates directly the expression of AfMYBS0 and At YRS
(23). We ested whether all five P idcfocarpa SND1 members
{including PtrSND1-A2") can directly transactivate MYE gene
cxpression in P mrichecarpa. We focused on PoMYBO27
(POPTR_(XIEs05860), the ontholog of ALFYESG (24). We over-
expressed each of the fve PrSNDY genes in P michocapa SDX
protoplasts, using protocals that we recently developed (25). All
four full-size PuSNDMs could induce a twofold to fourfold in-
crease in abundance of endogenous PerMYBOZ] transcripis in
SDX protoplasts (Fig. 24), consistent with the known SN -me-
diated transactivation of MYH targets. In contrast, overexpression
of PirSNDI-A2™ significantly reduced the P YBO2] transcript
level (Fig. 24). A repression of MYE expression by any fully spliced
SND has not been previously detected. Effector-reporter-based
gene transactivation assays further suggested that the observed
induction of PréYBO2] expression was a result of the activation
of the P YBO2] promoter by the PUSND1T member (Fig. 205).
The assays also showed that PuSND1-A2™ could not activate the
PrMYBU2] promoter, consistent with the lack of an activation
domain in PrSNDI-A2™ and suggesting that the obscrved
PSND1-A2F-mediated suppression of PedYBO2] expression
(Fig. 24) operates by other repression mechanisms.

We next used EMSA (o test whether the PurSND L-mediated
wransactivation of PreMYBOZ] is a result of direct binding of
PurSND to the P YBO2] promoter, Retardation of DNA probe
mability and probe competition demonstrated that each of the
four full-size PtrSND1 members can directly bind to a conserved
sequence molif in the MeMYBO2] promoter (Fig 20 and Fig, 54},
However, PuSNDLI-AZT did not bind o the PeMYBRI2T pro-
mater (Fig 20°). The lack of DNA-binding ability suggests that the
P subdomain (22, 26), which is missing in F:rSNDI.-AZ'R{Fig. 1E,
v}, plays an mportant role in DNA binding. These results confirm
that PrMYBOZ] s o common and direct transactivation target of
the four full-size PrrSND members. Transactivation and EMSA
resulis revealed that the splice variant PuSND1-A2"™ negatively

ates PreddYBO2E gene expression through a mechanism that is
i dent of an activation domain and direct PrMYBO2T DNA-
binding ability in PuSND1-AZ"™,

PtrSND1-A2™ Inhibits the Expression of PirSND T Gene Members. We
investigated further the regulatory role of PIrSND1-A2F by testing
whether PuSNDI-AT® can also affect the expresgion of the other
four PrSNDY members. Overexpression of PirSND A2 g o
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Fig. 2. PrSND1-A2% inhilits expression of the PeMYBO2T (MYBOZT) gene
and the FEENDD gene members (A) gRT-PCR analysis of endogetois
MYBR2T transcript abundance in P trichocarpa 50X protoplasts ower-
expressing individually the five PtrSNDY memibers. pliCT 2355-5GFF (25) was
the control. {8) Effector-reporter-based gene transactivation assays in dra-
bidogsis leat protoplast. Conly PErSMDT-AFY could not activate Podya02 |
promoter, Reporter construct alone was the contrel. {C) EMSA The arrow
showes the snifted comolex, and the arrpwhiead indicates nonspecific binding
{0} Endogensus transcript abundance of the four PSNDTs [47 (), 42 (i), 87
Ui, and B2 (W] in P trichecarms S0M protoplasts overexpressing PresnDr-

PUCTAAREAGEP wars used as the control, (£) Effector-reporter-based
qene transactivation auays thow seff-activation of four fullsize PrrsND1
rreemberss A1 (0, A2 (), B1 (M), and B2 (w). Each reporier construct contains
an ~2-gb promoter and cotransfected with the corresponding effector. Re-
parter onstrudt alone was the control. (F) EMSA. The armow shows the
shifted complex. All control values in A, 8, O, and £ werne set o 1, The eror
loars in A, B, D, and E represent SE of three biokogical seplicates.

trichocarpa SDX protoplasts resulted in drastically reduced tran-
script abundances of the endogenous PrNII-AF, -B1, and -B2,
but had essentially no effect on the expression of its full-sive Bo-
Torm, PrSNIH-A2 (Fig. 20). Because the transcnpt level of a gene
is a function of the abundance of the TF that regulates the ex-
pression of the gene, the reduced expression of PRSNDI-AT, -8,
and-B2 by PuSND1-A2" suggests that PuSNDL-A2"™ inhibits the
expression of the TF that regulates these genes. To test this sug-
gestion, we first verified whether each of the four full-size PuSNDL
members is a TF activating its own gene, Many TE in animals and
plants regulate their own expression (self-activation or -fepression)
in addition to responding (o other input signals (13, 27).
Transactivation assays confirmed that each of the four full-size
PuSND members could activate its own promoter (self-acti-
vation), indicated by induced f-glucuronidase (GUS) activity
(Fig. 2E). Using EMSA, we further demonstrated that such self-
activation is a result of direct binding of PrrSNIDL o its own
promoter (Fig. 2F and Fig. S4). These results strongly sugpest
that PtrsND-A2™ can suppress PrSNDI-Al, -Bl, and -B2 gene
expression (Fig, 20 through inhibiting the self-activation (Fig,
2E} of these PrSNDIs. The inability of PIrSNDI-A2" 1o sup-
press PeSNDI-A2 expression (Fig. 200, iy suggests that PrrSN -
A2 is transactivated not only by its own protein (Fig. 2F, i) but
alsa by other unknown TFs or input signals. PrSNDL-A™ may
attenuate the self-activation of PreSNDI-A2 but have no effect
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Fig. 3. Protein coloral@ation in # trichocampa SDX protoplasts demonstrate
that PtrSMD1-A2" is translocated from cytoplasmic fod to the nuclews by
full-size PErSNDT membars. (4-F) Subcellular localization of five PESNDI
fimion proteins: A1 (4), AZ (B}, B1 {C), B (D), and A% (E], and PrivBOZ1
fimion protein, NYBO21 {F). Each PtrSND1 was fused with sGFP and
catransferred with tha nuclear marker H2A-1mCharry {25) inte SDX proto-
plasts, MYBO21:mCherry and the nuclear marker H24-1:3GFPF were cotrans-
ferred. (G4 and L) Tramslocation of 42™ fram the cytoplasmic fod () into
the nucleus {G-) by the fullsize PtrshDl (G- but aot MYBOZT {0 (KD
Without the fullsize PrSHDA carries, AF® remains in the eytoplasm.

on PirSMIH-A2 expression induced by other factors, resulting in
an unchanged PrANDI-A2 ranscript level éFig. 2D, ).

To further investigate the PuSNDI-AZ"™ mediated suppres-
sion of PrSND genes, we performed transactivation assays of
PUrANDI-A2' on PeSNDI promoters. The results demonstrated
that PerSND-A2™ could ot activate the pramoters of PirSNDH
member genes (Fig. 55), just as PerSND-A2™ could not activate
PrMYBO2I (Fig. 28). EMSA showed that the lack of such acti-
vation is because PSND1-A2™ cannot bind (o the promaters of
PeSNDT or PeMYBO2I (Fig. 2 C and F and Fig. $4). These results
suggest that the PrSND1-A2 Pamediated attenuation of PirSNDH
and P VB2 gene expression (Fig. 2.4 and £3) follows a similar
mechanism where a direct binding of PuSNI-AZT to the pro-
mader of its target gene is not essential. By having a dimerization
domain intact near the N terminus (Fig, 1E, v) (22, 26), PurSND1-
A2 may use its dimerization ability to prevent full-size PrSNDL
proteins from accomplishing thedr normal activation functions,
leading to attenuated expression of PrSNDT and PeMYBO2T (Fig.
T and I,

PUrSNDL-AZ"™ acts as a unigue gene repression mediator,
regu].wing the SN [mnsr_'lip(innnl network im P, miarnm:aq:m.
PUrSNDI-A2' iz neither an active nor a passive repressor, such
as VINIZ, which reduces VINDT transactivation activity as a reg-
ulator of VNDT (28). However, our resulis strongly sugpest the
involvement of specific prolein-protein inleractions in the
PUSNDI-A2'F transcriptional regulation, We then investigated
the subcellular localization of all fve PuSND1 members, as well
as specific dimerization and subcellular locations of these dimers.

PErSNDT-A2™ 15 in Cytoplasmic Focl and the Four Full-Size PrSND1s
Are in the Nucleus of P. trichocarpa SDX Cells. We used fuorescent
proteing to reveal the subeellular location of PUSNDI members in
P trichocarpa SDX protoplasts. We cotransfected the protoplasts

AF0T | e peas oo Mo if 0107 Wpnas, 1212577 100

with I585-PSNDH s GFP and 358-H24-1-mCherry nuclear marker
plasmids (29} and demonsirated that each of the four full-size
PrSMND1s colocalives with the marker in the nucleus (Fig. 3.4-10).
Exclusive nuclear location of these four PurSNIDs was observed
for 85-95% of the transfected protoplasts examined, whereas in
the remaining protoplasts, PirSND1s were found in both nucleus
and eytoplasmic foci. PUMYBIZI was also predominantly in the
nucleus (Fig. 3F).

In sharp contrast to the nuclear location of the full-size
PUSND1s, cotransfection of 355-PreSND-A2" 5 FP and 355-
H2A-1mCherry plasmids demonstrated that the splice variant
PLSNDL-A2" was located exclusively in small punctate
structures in the cytoplasm of the Hmmplas!s (Fig. 3E) The
exclusive location of PHSNDL-A2'® in cytoplasmic foci and
sporadically abnormal residence of PuSNDs in these foci
suggest that PuSND1-A2™ may retain these PuSNDIs in the
cvtoplasm through protein-protein interactions, If PirSND1-
A2 interacts with any PuSNDI, these proteins should be
colocalized. We then performed protein subcellular colo-
calization experiments.

Cytoplasmic Pr$NDA-A2™ Can Be Translocated into the Nucleus by
Full-Size PrSHDs. To colocalize PUrSND1-A2"™ with each of the
five PUSNID members, we prepared a35.‘5-'—!“1‘!'.":'!‘\"1}!14_-;'er:|Cil’:err_v
fusion gene construct and cotransferred it with each of the 358-
PrSNDICGFP constructs into P michocarpa SDX protoplasis.
Unexpectedly, in the presence of any one of the four full-sive
PESND members, PUSNDL-A2"™ was translocated from the cy-
toplasmic foci (Fig. 3E) to the nucleus, demonstrated by the nu-
clear calocalizalion of PUSNDL-AY (mCherry) with each of the
four full-size PUSNDMs (3GFF) (Fig. 3 G-, Such tanslocation of
PUSND1-A2"" was exclusive to all cotransfected protoplasts,

B Bmaz B0
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Fig. 4. ¥2H demonstrates that PrrsND1-a2" imeracs with each of the five
PErSND1s. The fullsize A2 and the NAC.domain from A1, A2, B1, and B2
wiere each fused to the Gald binding domain (BD) te make BD:AZ™, and BO:
Al B:AZ BDB, and BO-B2 fusions as the bait. Each bait and prey (AD:A2™)
pair was cotramfected into yeast cells and selected on the SDV-LewTrp
(L) medium. (B and £] A2"™AZ" or A2™AT protein-protein interaction
wias validated by the growth of the transformants on the SD-Lew-Trpf-His—
Ade (-IWHA) medium. {4, €, and 0 Posithe A1042%, 810425, and BrA2"
interactions wene validated by wsing the S0CLew'Trpt-HislAbd, (-LWH4+
And) selection mediome (F) The positive growth was confirmed by the
positive controd BO-530A0-T, BOVAD:AZ™, BOSNDWAD, or BOVAD did not
grow an the seledion mediom (A-E), as indicated by the negative contrad,
BD-53AD0-Lam (F).
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Fig. 5. BiFCin P trichocarpa SDX protoplasts demonstrates that A2® het.
erodimerizes with the four fullsize PtrSND1s and that all five PSNDI1s
homadimerize. (A, C, £, and G) A2™:CFPC cotransferred with A1-CFPY (), A2:
CFPM {C), B1CFP" (£), or B2:.CFP™ {G) Into SDX protoplasts give positive BIFC
signals that were colocalized with the marker H2A-1 (29) in the nudeus, (4, L,
N, and P) Similarly, positive BiFC signals for homodimers of the four fullsize
PtrSND1s were colocalized with H2A-1 In the nudleus. {8) Cotransformation
of A2%.CFPC and A2':CFPM gave BIFC signals exclusively in the cytoplasmic
foci. (B, D, F, M, I, K, M, O, Q, and 5) As negative controls, transformation of
AZMCFFC (1), AZ™CFPM (5), AV:CFPN (8), ATCCFPS (K), A2CFP™ (D), A2:CFPS
(M), BICRPM (F), B1:CFF° (0), B2:CFPY (H), or B2:CFPC (Q) alone did not give
any CFP signals. In all BiFC experiments, the nuclear marker H2A-1:mCherry
was cotransferred

Cotransfection of SDX protoplasts with 355-PrSNDI-A2":
mCherry and 358-PrSND1-A2TsGFP showed that sGFP and
mCherry signals, both representing PtrSND1-A2'® | remained
entirely colocalized in cytoplasmic foci (Fig. 3K). As a control
experiment, we cotransfected the protoplasts with 355-PrSNDJ-
A2"SGFP and 358-PrMYBO21:mCheny and demonstrated that
PtSND1-A2'F remained exclusively in cytoplasmic foci, whereas
PtrrMYBO21 was in the nucleus (Fig, 31). Therefore, PUSNDI-
A2 can only be translocated into the nucleus by a full-size
PtrSNDI1 carrier, not just any TF proteins.

Liet 3l

Y2H Demonstrates That PtrSND1-A2"™ Dimerizes with Five PtrSND1
Members. We next performed Y2H assays to test whether
PuSND1-A2'® can dimerize with the carrier PtrSNDI for trans-
location into the nucleus. Each of the four full-size PuSNDIs
heterodimerized with PuSND1-A2'® (Fig 4 4-D), and PtrSND1-
A2 self-interacted (Fig. 4E). The interactions {or the PuSNDI1-
A2'B/PUSNDI-A2 (A2™/A2; Fig. 4B) and the A2'"™/A2'® (Fig,
4F) dimers were stronger than those for the A2"™/A1, A2'¥/BI,
and A2"%/B2 heterodimers. The heterodimerization in yeast and
the nuclear colocalization in protoplasts (Fig. 3 G-/) of two pro-
teins [(A2"™ and A1), (A2"™ and A2), (A2"" and B1), and (A2'"
and B2)] are strong evidence that the pairs of proteins exist as
heterodimers in plant nuclei. To further test this inference, we
performed BiFC assays in P. tichocapa SDX protoplasts.

BiFC Identifies PrSND1/PtrSND1-A2" Heterodimers in the Nucleus of
SDX Cells. Using BiFC, we tested for heterodimers between
PUSNDI-A2'™ and each of the four full-size PuSNDIs, and all
possible homodimers from the five PtrSNDI1s. Different combi-
nations of two plasmids, each containing a target protein fused at
the N terminus to one of two complementing segments of CFP—
CFP™ (aa 1-173) and CFP® (aa 174-329)—were cotransformed
together with the H24-I:mCherry nuclear marker plasmid into
SDX protoplasts, A2'™ heterodimerized with each of the full-size
PuSNDI1s, and these heterodimers (A27/A1, A2™/A2, A2™/BL,
and A2'%/B2) colocalized with the H2A-1:mCherry marker nearly
exclusively in the nucleus (Fig. 5.4~I). The four full-size PUSNDIs
homodimerized, and these dimers (AVAL AZA2, BI/BI, and BY/
B2)were also nucleus specific (Fig. 57-0). A2'"/A2"® homodimers
were exclusively in cytoplasmic foci (Fig. 5 R, S, and J), validating
the PtrSND1-A2' colocalization results (Fig. 3K) and the finding
that the translocation of PuSND1-A2™ into the nucleus requires
a full-size PuSNDI.

The results with RNA-Seq, protein gel blotting, transgene
transcriptional regulation, gene transactivation, E i
subcellular localization and colocalization, Y2H, and BiFC pro-
vide strong evidence for unique NAC transcriptional regulation, in
which a cytoplasmic splice variant, PuSND1-A2'", is translocated
by its full-size family members into the nucleus for repressing the
expression of these members and their direct target genes.

Discussion
Complex biological processes in growth and development, such
as secondary cell wall or wood formation, are regulated at many
levels (a hierarchy) by transacting elements (30}). SNDIs are an
essential part of such a hierarchical network. Although SND1s'
downstream targets have been studied extensively, their upstream
regulators (for activation or repression) have not previously been
identified (6). Repression is as necessary as actvation in (ran-
scriptional control for growth and development, and it is fre-
quently achieved through dominant-negative TFs (10, 14, 17). In
plants, alternative splicing-generated dominant-negative TFs that
can act as an individual antagonist against multiple target gene
products have not been reported. A dominant-negative TF that
can antagonize its own family members on their self-activation s
also previously unknown in plants

In this study, we showed that a naturally occurring, SDX-specific
splice variant, PUrSND1-A2'¥, is a dominant-negative r
antagonizes the autoregulation of its family members (
well as the activation of their common tasget PeMYBO21 (Fig. 24).
We reported here several distinet mechanisms of PrSNDI regu-
lation, Typically, a dominam-nc%:«li\e TF lacks a DNA-binding
domain (10, 16, 17). PuSND1-A2"" has the p1 and 2 subdomains
(Fig. 1££, v) believed necessary for DNA binding, but lacks the 6
subdomain. However, EMSA demonstrated that PuSND1-A2™
does not bind (o promoters of PrSNDI member and PrrMYBO21
genes (Fig. 2 Cand F and ). The inclusion of the fi6 region, in
addition to 1 and 2, in the f-sheel structure may be important for
DNA binding. Although PuSND1-A2" lacks DNA-binding ability,
it dimerizes (Fig. 5) because it retains the N<erminal dimerization
domain (Fig. 1E, v).

PNAS | September 4, 2012 | vol. 109 | no, 36 14703
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Although homodimers of full-size PtrSNDT members are mu-
cleus specific (Fig. 5 J-0), PtrSND1-A2™ remained exclusively in
the cytoplasm as homodimers or monaomers gigs. 3 and 3R).
The cytoplasmic foci location of PtrSNI}-A2™ suggests that this
!}:{gaem is involved in posttranscn‘}l{sgonal degradation of its target

As (31). However, there is no RNA-binding motif in PtrSND1-
A2™ that would indicate a degradation mechanism. Instead,
PrSND1-A2Z™ is translocated into the nucleus as a heterodimeric
partner with any of its full-size PtrSND1 family members (Figs. 3
G-J and 5 A-T). The formation of these heterodimers must occur
in the cytoplasm because PtrSND1-A2F monomers or homo-
dimers are not avaflable in the nucleus. This subcellular trans-
location of a splice variant is unique and may represent an integral
part of the nucleocytoplasmic transport required for the SNI¥L
transcriptional regulation.

In the nucleus, the PrrSND-AZ®/PrrSND1 heterodimer has
only one functional DNA-binding structore (from the full-size
PtrSNDT), instead of the required two. Consequently, the de-
fective DNA-binding system may disrupt subsequent gene trans-
activation, resulting i suppressed self-activation of PeSNDis (Fig.
203). The suppressed level of PrSND{ s would then lead to reduced
transactivation of their target genes, such as PeMYBO21, resulting
in attermated transcript levels of PerMYBO2I, as observed in SDX
protoplasts in which PeSNT-42™ is overexpressed (Fig. 24). [tis
also possible that the defective DNA-binding systetn created by the
PIrSND1-AZF/PirSNDT heterodimer directly disrupted the nor-
mal PtrSNDIl-mediated transactivation of PeMYBO21, causing
areduced level of PaMYBO21 transcripts (Fig. 24).

In addition to the dnal DNA-bindmg specificity, a set of two
transactivation or transrepression domains through dimerization
is also necessary for TFs to be fully functional in regulating target
gene expression (10, 14, 16, 17). The PrSNDI-A2"/PrSND1
heterodimer has only one transactivation domain, further dis-
rupting the normal PtrSNID functions to result in inhibited ex-
pression of PerSNDI and PrMYBO21 genes (Fig. 2.4 and D). This
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mechanism may also explain the repressed vessel differentiation
due to inhibited FNDF function in Arebidopsts In which an arti-
ficially truncated VNIY7 lacking the transactivation domain was
overexpressed (9). These inhibition mechanisms have been well
characterized for many dominant-negative repressors. Among the
best-studied repressors are the members of the Id (inhibitor of
DNA-binding) subfamily of basic helix-loop-helix TFs involved
in cell cycle and tumorigenesis in animals (18). Ids lack a DNA-
binding region, and, consequently, they disrupt the function of
other bHLH TFs, making them nonproductive through di-
merization (18).

The formation of nonproductive PtrSNDI-A?.m/PT_rSNDI het-
erodimers wonld also prevent full-size PtrSNI¥1s from dimerizing
to generate functional complexes. This sequestration of functional
PtrSND1s together with the dominant-negative effects of PrSNIYI-
A2P may efficiently maintain transcriptional homeostasis in the
SND- and VND-regulated networks. A few such dominant neg-
atives may have evolved from genome duplication in woody plants
to dampen adverse effects due to transcriptional recdundancy.
PuSNIH-A2™ has provided an entry to discovering more about the
upstream regulation of SNIF and VNI and to revezl the campre-
hensive hierarchical network regulating wood formation.

Materials and Methods

Plant materials, PCR cloning, RNA-Seq, and 3'RACE, gRT-PCR, SDS/PAGE,
Western blotting, £. trichocarpa SDX protoplast preparation/transfection,
gene transactivation assays, plasmid constructions, EMS5A, ¥ 2H, and BiFC are
described in detail in Sf Materials and Methods. They are described in the
sequence shown above, All primer seguences are listed in Takble 51,
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S| Materials and Metheds

Plant Materials. Populus trichocarpe genotype Nisqually-1 was
maintained in a greenhounse as described (1). Specific tissues
from 6-mo-old trees were harvested for RNA, protein, and
protoplast isolation.

Quantitative Real-Time PCR (qRT-PCR), RT-PCR, and 3'RACE PCR. Total
RNAs were isolated from SDX, phloem, young shoot, leaves, and
roots by using a QLAquick Plant RNA [solation kit (Qiagen) and
treated with DNase [ to remove DINA by using the RNase-free
DNase Set (Giagen). gRT-PCR was conducted as described (2, 3)
by using specific primers (Table $1). For RT-PCR, 2 pg of total
RNA was reverse transcribed into cDNA i a 20-pL reaction
mixture by nsing an Ommniscript RT kit (Qfagen) and then diluted
to 200 pL, from which 4 pL was vsed in a 50-pL PCR mixture
containing PfuUlira I Fusion HS DNA polymerases (Agilent).
The full-length cDNAs of PoSNDI-AI, PoeSNDI-A2, PoSNDI-
Bi, PeSNDI-B2, and PrSNDI-A2® were amplified from SDX
RINA by using primer sets AI-F/-R, AZ-F/-R, BL-F/-R, and B2-
F/-R (Table S1), respectively, and cloned into pENTRD-TOPO
vectors (Invitrogen) for sequencing. The 3'RACE PCR was
conducted by using a GeneRacer kit with SuperScript II RT
(Invitrogen). The forward primer for 3'RACE was the same as
that for RT-PCR (Table S$1) described above, and the reverse
primer was the GeneRace 3’ primer provided by the kit (In-
vitrogen)., The PCR products were cloned into pGEM-T Easy
vectors for sequencing.

RNA-Seq and RNA-Seq Analysis of Intron/Exon Sequence Depth of
PirSNDT Genes. Total RNAs of SDX were isolated from three
trees by using an RNeasy Plant RNA [solation kit (Qiagen). RNA-
seq libraries were prepared by following the protocol of TruSeq
RNA Sample Preparation Guide (Olumina) with modifications.
Ten micrograms of total RNAs were used for mRNA purification
using Sera-Mag Magnetic Oligo(dT) beads. The mRNA was
fragmented and reverse transcribed into double-strand cDNA,
followed by the end repair and 3’ end adenylation. The cDNA was
ligated with adapters, where the PE adapter Oligo mix was
substitnted with multiplex adapters from the multiplex oligo only
kit. The cDNA was electrophoresed on a 2% (wt#vol) agarose gel
The fraction of 200 % 25 bp was excised from the gel with a Gen-
eCatcher Disposable gel excision tip, and cDNA was purified with
a QlAquick Gel Extraction Kit (Qiagen). We modified the TruSeq
protocol by incorporating the following three steps to enrich the
cDINA during the amplification stage: () PCR Primer PE 1.0 and
PE 2.0 were substituted with InPE 1.0 and 2.0 primers from the
multiplex oligo only kit; (i) 1 pL of index primer was included; and
(z21) the number of PCR cycles was increased to 18. The RNA-seq
libraries were then adjusted to 1 nM and pooled for a multiplex
sequencing rim. The pooled libraries were denatured and an-
nealed to alawn of oligos on alane of a flow cell by using a cBot.
Once clonal clusters were produced, the sequencing primer was
amnealed, and the sequencing run was carried out by using re-
versible terminator dye chernistry on a GAllx. The resulting se-
quences (in fastq file format) for each file were mapped to the
F. pichocarpa reference genome (genome assembly version 2.0,
gene annotation version 2.2; http:/fwww.phytozome. org) by using
TopHat (4). The sequencing depths at the nudeotide level for
each library were obtained by using “SAMtools” (5). The depth
coverage patterns of 20 nucleotides surrounding the intron/exon
junctions of PeSNDI-Al, PeSNDI-A2, PeSNDI-BI, and
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ForSNDI-B2 (Fig. 1 and Fig. 83) were extracted by using PERL
scripts written for the specific tasks,

Production of Recombinant MAC-Domain and Full-Size PirSND1
Proteins in E coff. The NAC domain coding regions of PrSNDI-
Al, PeSNDI-A2, PeSNDI-BI, and PrSNDI-B2 were amplified
with primer sets AIPr-FI/-R1, A2Pr-F1/-R1, BPr-FI/BIPr-R1,
and BPr-FI/B2Pr-R1 (Table S1), respectively. The NAC cDNAs
of PHSND1-41, PRSNDI-B1, and PrSNDI-B2 were each cloned
into pGEXKGI (GE Life Science) at the EcoRI/Sall sites, and
Pr§NDI-A2 NAC cDNA was inserted into the Xbal/Szll sites.
The expression constructs were transferred into E col BL2L
(DE3) (Invitrogen), and protein expression (as GST fusion) was
induced with 0.5 M PTG at 28 °C for 8 h.

Protein preparation for antibody specificity fest. One milliliter of E. coli
culture was collected and suspended in 200 pL of Ix SDS/PAGE
gel-running buffer. After boiling for 10 min, 2 pL of the protein
samples were loaded onto a SDS/PAGE gel for antibody speci-
ficity test.

Recombinant protein purification for EMSA. Two hundred milliliters of
cell culture was collected and suspended in 20 mL of PBST buffer
(Ix PBS, pH 7.4, 5 mM EDTA, 1% Triton X-100, 1 mM PMSF,
0.05% p-mercaptoethanol). Cells were disrupted by using
a Branson Digital Sonifier for 6 min (10 s on /20 s off; 23% am-
plification). The cell lysate was centrifuged at 10,000 x g for 30
min at4 °C. The supernatant was mixed with 1 mL of glatathione-
S-agarose beads (Sigma) and held at 4 °C for 45 min with gentle
shaking, The beads were washed eight times with PBST buffer
without PMSF and were held at room temperature for 30 min in
3 mL of thrombin deavage buffer (30 mM Tris pH 8.0, 130 mM
NaCl, 2.5 mM Call,, 0.05% p-mercaptoethanol) with 20 units of
thrombin to remove GST. The GST-free protein was concen-
trated and desalted with an Amicon Ultra centrifugal filter
(30,000 MWCO; Millipore) three times with 50 mM NaHP buffer,
pH 7.0, containing 20% (volfol) glycerol.

To express the full-size PtrSNDM proteins, the fulllength
coding regions of PrSNIH-AT and PorSNDI-A2 were amplified
with ATPr-F2/-R2 and AZPr-F2/-RZ (Table S1), respectively,
digested with Xhol, and cloned into pGEXKGI, which was
pretreated first with Xbal, followed by Klenow and then Xhol
PrSNDI-BI and PeSNDI-B2 cDNAs were amplified with BIPr-
F2/-R2 and B2Pr-F2/-R2 (Table SI), respectively, and cloned
into pGEXKGI at the BeoRLSall sites. PrSNDI-A2™ (DNA
was amplified with A2PrFI/A2FPr-R (Table §1) and inserted
into pGEXKGT at Xbal/Xhol sites. The expression and purifi-
cation of recombinant proteins followed those for the NAC
domain protein, except (i) the volume of cell culture was 800
ml, (it) glutathione-S-agarose beads were washed three times,
and (fif) without removing the GST, the fusion protein was
elnted with 4 mL of buffer (30 mM Tris pH 7.5, 0.1% p-mer-
captoethanol) containing 10 mM of the reduced form of ghuta-
thione, instead of thrombin cleavage buffer. Finally, the protein
was concentrated in ~200 pL for antibody specificity tests.

Antibody Production and Western Blotting. Peptides HY YLRKK-
VANEKIDL and GLSPDDDMGLSHLON, located in the N-
terminal NAC domain and the C-terminal of PtrSNII-A2, re-
spectively, were synthesized, conjugated with keyhole limpet
hemocyanin, and used to immunize rabbits for polyclonal anti-
body production (Antagene). Western blot analysis was carried
out as in Chen et al. (6).
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P. trichocarpa SDX Protoplast Preparation. To isolate P. frichocarpa
SDX protoplasts, we modified the protocol of Yoo et al. (7). The
mannitol concentration was 0.5 M in the enzyme digestion so-
lution and the MMG solution, whereas 0.1 M glucose was -
cluded in the W5 solution. We nused 200 x g and 3 min at all steps
for spinning down the SDX protoplasts. Four 10-cm-long stem
fragments were peeled to remove the bark, immersed in a 50-mL
centrifuge tube containing 40 mL of enzyme digestion solution,
and held under vacuum for 30 min at room temperature. The
digestion was continued for 2 h at room temperature. The pro-
toplasts were released from the stem fragments by gently shak-
ing, and then the stem fragments were discarded. The protoplast
suspension was added with an equal volume of W5 solution and
filtered through a 75-mm nylon mesh. The protoplasts were spun
down, resuspended in 10 mL of W3 solution, and chilled on ice
for 30 min, followed by centrifugation and resuspension in MMG
solution. After the cells were coumed[l}:sy using a hemocytometer,
the protoplasts were diluted to 2 x 107 cells per milliliter.

SDX Organelle Protein Preparation. SDX protoplasts were prepared
from 16 stem segments measuring 10 cm long to isolate total
organelles by using a Cellytic PN Extraction kit (Sigma). The
protoplasts were centrifnged at 300 x g for 3 min, and the pro-
toplast pellet was resuspended in 5 mL of Ix Nuclei [solation
Buffer (NIB; Sigma) containing I mM DTT. The protoplasts were
then homogenized for 10 min, during which they were chilled on
ice (3 x 2 min). The protoplast lysate were loaded onto (the top
layer) of a freshly prepared density gradient, which contains 3 mL
of 30% (volfvol) percoll in 1x NIB buffer (the second layer) and 3
mlL of 2.3 M sucrose (the bottom layer). After centrifugation at
3,200 x g for 30 min, the contents (mostly organelles) in the two
interface spaces (between the top and second layers and the
second and bottomn layers) were collected. After being washed
with 8 ml of Ix NIB buffer, the organelles were centrifuged at
3,200 x g for 5 min and resuspended in 150 pL of Ix NIB buffer
containing 5 mM DTT. After vortexing at 4 °C for 30 min, the
organelle lysate was centrifuged at 12,000 x g for 10 min, and the
supernatant containing the soluble proteins was analyzed by
‘Western blotting using two antibodies which are specific to N-
terminal NAC domain and the C-terminal of PtrfSNDT-A2, re-
spectively, to detect PrSNDH-A2 and PrSNDT-A2T in §OX.

Overexpression of PtrSND1-A1, PtrSND1-A2, PtrSND1-B1, PtrSND1-B2,
and PtrSND1-A2" in P. trichocarpa SDX Protoplasts. To make the
transgene construct for overexpressing PrSND1s in SDX proto-
plasts, we included an sGFP gene in the same construct to gen-
erate the fluorescence signals to monitor the transfection
efficiency. To do that, we first made a gateway destination vector
pUCI9-3585-RfA-358sGFP in the following five steps. () The 358
promoter was excised from pBIT27 with HindlIIXbal and in-
serted into the pBluescripe I SK(+) vector, resulting in SK-355P.
(it) To insert a Nos terminator (NosT) in fromt of the 358 pro-
moter in the SK-355P, we found the Kpnl restriction enzyme site
in the construct pBIi2i-xyD we made previously was useful for
vector construction. pBXI21xyD was prepared by inserting a xy-
losidase encoding gene into pBII21 at the Xbal/Sacl sites. This
xylosidase gene was amplified from Thennotoga maritima with
primers xyD-F and xyD-R (Table S1). xyD>-NosT was excised from
pBIi21-xyD first with Dralll, followed by Klenow, and then Kpnl,
and inserted into SK-355P, which was pretreated first with Hin-
dILI, followed by Klenow, and then Kpnl, resulting in SK-wyD-
NosT-358P. (i) PCR2.1 (Invitrogen) was linearized with BamHI/
Xhol, end-blunted with Klenow, and dephosphorylated with
CIAP. Reading Frame Cassette A (RfA) (Invitrogen) was cloned
into the linearized pCR2.1, giving pCR2.I-RfA. (iv) NosT-355P
was excised from SK-wD-NosT-358P with Sacl and inserted be-
hind the Rfd in pCR2. 1-RfA, resulting in pCR2. I-Rf4-NosT-355P.
(v) RfA-NosT-355P was excised from pCR2.I-RfA-NosT-358P
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with Xbal and was inserted into pUC19-355-sGFFP (6), giving the
gateway destination vector pUfC19-355-Rfd-338-sGFP.

Next, the coding region of PeSND1-42™ was amplified with
A2-F/AZTR (Table §1) and doned into the pENTR/I-TOPO
vector. Bach of the four full-size PrSNDIs (described above)
and PrSNDI-A2™ in the pENTR/p-TOPQ vector was used for
LR recombination to replace the Rf4 in pUCI9-355-Rf4-358-
sGFP, piving expression vectors (also used as effector constructs
mentioned below) pUCI9-355-PrSNDI-41-3585-sGFP, pUCIY-
358-PrSND1-A2-358sGFP, pUCI9-358 PeSNDI-BI-358sGFP,
pUCI9-358-PrSNDI-B2-358sGFP, and pUCIS-358PeSNDI-
AZ3555GFF.

Then, the plasmid DNAs of expression vectors were prepared
by using the CsCl gradient (8) and used to transform SDX
protoplasts. Bach transfection reaction was carried out in a 10x
volume of that in Chen et al. (6) and incubated in a 100 x 15-
mm? Petri dish for 12 h. The protoplasts were collected by
centrifugation at 300 x g for 3 min and frozen i lignid nitrogen.
Total RNA of the protoplasts was isolated by using an RNeasy
Plant RNA [solation kit {Giagen), and 1 ng of total RNA was
used for qRT-PCR analysis.

Effector-Reporter-Based Gene Transactivation Assays. To prepare
the reporter constructs, we PCR-amplified the 2-kb promoters of
FPaMYB021, PeSNDI-Al, PirSNDI-A2, PeSNDI-B]1, and PeSND1-
B2 with primer sets 021P-F/-R, A1P-F/-R, AZP-F/-R, BIP-F/-R,and
B2P-F/-R, respectively (Table S1). Each of the PCR products of
FaMYB021, PrSNDI-A2, PeSNDI-B1, and PeSNDI-BE2 promoters
was digested with HindIIll and BamHI, and then inserted into
pUC18-358-GUS, which was prepared by inserting 355P-GUS-NosT
from pBI 21 into pUCTY at HindI [Bco R sites, generating pl/Cig-
PaMYBO2IP-GUS, pUCI9-PRSND1-AZP-GUS, pUCIS-PrSND1-
BIP-GUS, and pUCI9-PoSNDI-B2P-GUS. PeSNDI-41 promoter
PCR product was digested with BamHI, and cloned into pf/C18-
355-GUS, which was pretreated first with HindIIl, followed by
Klenow, and then BamFl, generating pl/CI9-PrdNDI-AIP-GUS.
Each of the reporter constructs was cotransformed with corre-
sponding effector constructs (pUCI9-355-PorSNDI-A1-355sGFP,
pUCI9-358-PoSNDI-42-358-sGFP, pUCI9-358-PeSNDI-BI-
358-sGFP, pUC19-358-PoSNDI-B2-338-sGFP, or pUCIg-358-
ParSNDI-A2R358-5GFP) into Arabidopsis leaf protoplasts fol-
lowing Yoo et al. (7) After incubation for 12 h, the protoplasts
were collected by centrifugation at 200 x g for 3 min and frozen in
liguid nitrogen. GUS assays were carried out according to Yoo
etal. (7).

Subcellular Protein Localization. Constructs for PtrSNID1s and GFP
fusion protein were prepared to examine subeellular localization of
each ofthe PrSND T members. The coding regions of PrSNDI-A1,
PuSNDI-A2, PeSNDI-B1, PeSNDI-B2, and PeSNDI-A2® were
amplified by using primer sets AIbi-F/-R, A2bi-F/-R, BIbi-F/-R,
B2bi-Ff-R, and A?.bi—F/A?.mbi—R, respectively (Table S1), with
a BamHI restriction site included in the forward primers and
aXhol site in the reverse primers. After being cloned into pGEM-
T Easy vectors and sequenced, the coding regions were further
cloned into pUCI8-3556GFP (6), giving pUCI19-358-PrSNDI-
ALsGEP, pUCI9-358-PoSNDI-A2:sGFP, pUCI-355-ParSNDI-
BilsGEP, pUCI9-355-PoSNDI-B2:sGFP, and pUCI9-355-
PorSND1-A2% s GFP. The Arabidopsis histone H24-1 gene (9) was
amplified from drabidopsis leaf cDNA with primers H2ZA-F and
H2A-R (Table S§1), and mCheny (10) was amplified from CI3-
959 (10) with primers Cherry-F and Cherry-R (Table SI). In-
serting the former fragment A24-7 in pUCI9-355-sGFP (6) at
Kbal/Xhol sites generated plU/CI9-335-H24-1:sGFP, in which
SGFP was replaced by mCherry at Sall/Sacl sites, respectively,
generated pUCI9-358-H2A-1mChery. pUCI9-355-A42" :mCher-
ry was generated by replacing H24-1 with PoSNDI A2 in
pUCI9-358-H2A-1:mCherry. PeMYBO21 was amplified with 021-
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F and 021-R, digested with Xbal/Xhol, and replaced H24-1 in
pUCI9-358-H24-1:mCheny,  generating  pUCI9-PoMYBO21:
mCherry. Bach of the five PeSNDIsGFFP fusions was co-
transformed with H24-1mCheny or PeSNDI-A2RmnCherry, and
PuMYBO2imCherry and H24-75GFFP were cotransformed into
SDX protoplasts. The fluorescence was observed under a Zeiss
LSM 710 laser scanning microscope. The excitation wavelength and
the emission wavelength are 488 nm and 492-543 nm, respectively,
for GFP, and 561 nm and 582-662 nmn, respectively, for mCherty.

EMSAs. The putative Secondary Wall NAC Binding Element
(SNBE) motifs in the 2-kb promoter of PeMYBO21, PRSNDI-AL,
PrSNDI-A2, PeSNDI-B1, and PeSNDI-B2 were predicted by
Multiple Em for Motif Elicitation (MEME; http://meme.sdsc.
edu/meme/cgi-bin/meme.cgi). Promoter fragments, harboring the
putative SNBE motif, were amplified by using primers 02IEM-
SA-F/02IEMSA-R, AIEMSA-F/ATEMSA-R, AJEMSA-F/
AZEMSA-R, BIEMSA-F/BIEMSA-R and BZEMSA-F/R2EM-
SA-R (Table 81) from PaSNDI-Al, PoSND1-A2, PeSNDI-B1,
and PeSNDI-B2 promoters, respectively. The PCR products
were gel-extracted following Li et al. (11) and biotin-labeled at
the 3' end (Biotin 3" End DNA labeling kit; Thermo Scientific).
The biotin-labeled DNA fragments were mixed with 100 ng of
each purified NAC domain protein of the four full-size PrrSND1s
or the full-length PreSNDT1-A2T for 20 min in the binding buffer
[10 mM Tris, pH 7.5, 50 mM KO, 1 mM DTT, 2.5% (volfval)
glycerol, 5 mM MgCl,, 0.05% Nonidet P40, and 100 ng/uL poly
(dL-dC)] at roorn temperature. Unlabeled promoter fragments in
20-fold to 100-fold molar excess relative to the labeled probes
were used in the competition analysis. Protein-DNA mixtures
were run on a 6% (wi/vol) native PAGE gel at 100 V, 4 °C for
2-3 h. The DNA was transferred to a nylon membrane
(Amersham Hybond-N+) at 100 V, 0.38 A, 40 min, and de-
tected by chemiluminescence (Thermo Scientific).

Y2H. The Y2H was performed according to the manual of the
Matchmaker Gold Yeast Two-Hybrid System (Clontech). The
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full-length coding region of PoSNDI-42" and the N-terminal
NAC domain coding regions of PrSNDI-A1, PrSNDI-A2,
FirSNDI-B1, and PeSND-B2 were amplified with primer sets
A2YZHFAZRYIH R, ATYZH /R, A2Y2H F/ R, BIY2H F/-
R, and BZYZH-F/-R, respectively (Table S1), digested with
EcoRI/BamH]I, and cloned into the bait vector pGBKT7 and the
prey vectar pGADT7AD (Clontech). The bait and prey plasmids
were cotransformed into the Y2HGold yeast strain and selected
on synthetic dropout-agar plates lacking leucine {Leu) and
tryptophan (Trp) (SI)/-Lew/-Trp). Positive clones were plated
on synthetic dropout-agar plates lacking lencine, tryptophan, and
histidine {(His), and supplemented with 70-140 ng/ml Aur-
eobasidin A (AbA) (SD/—Len/-Trp/~His/AbA), or on SD plates
lacking leucine, tryptophan, histidine, and adenine (Ade) (SDy/-
Leu/~Trp/~His~Ade) for 5-14 d.

BiFC. The coding regions amplified for the subcellnlar localization
experiments were excised from pGEM-T Easy vectors with
BamHI/Xhol and cloned into pSCYNE(R) (12}, resulting in pl/C-
358-CRPV:PaSNDI-AL, pUC-335-CFPV:PaSND1-42, plIC-355-
CFPY PrSNDI-BI, pUC-358-CFPY:.PrSNDI-B2, and pUC-355-
CFPV:ParSNDI-A2 The coding regions excised from pGEM-T
Easy vectors described above were coned into pSCYCE(R) (12),
resulting in pUC-355-CFPC: PrSNDI-AL pUC-CFPF.PeSNDI-A2,
pUC-358-CFPC:PoSNDI-B1, pUC-358-CRPC:PoSNDI-B2, and
pUC-358-CFPC PrSNDI-AZE,

Each of the CRPYPrSNDT and CFPC.PrSNDI pair together
with H24-1:mChery were cotransferred into SDX protoplasts. As
controls, CFP™:PrSNDI and H24-1:mCherry or CRES:PrSNDI
and HZA-1:mCherry were cotransferred into SDX protoplasts,
After incubation for 12 h, SDX protoplasts were collected and
examined under a Zefss LSM 710 laser scanning microscope. For
fluorescence detection, the excitation wavelength and the ermis-
sion wavelength were 458 nm and 462-531 nm, respectively, for
CFP, and 561 nm and 598-648 nm, respectively, for mCherry.

=

Yoo 5-0, Che Y-H, Sheen ! (2007) Arabidopsis mesophyl| protoplasts: A versatile cell
systern for transient gene expression analysis. Mat Profoc 21565-1572

Sambrook J, Fritsch EF, Maniatis T {1385) Mofecufar Cloning: A Laboratory Manual
Cold Spring Harbor Lab Press, Plainview, NY).

Tenea GM, et al (2009) Overexpression of several Arabidopsishiston e genes increases
agrobacterium-mediated transformation and transgene expression in plants. Aant
Ceff 21:3350-3367

10. Melson BE, Cai X, Nebentiihr & (2007) A multicolored set of in vive organelle markers
for co-localization studies in Arabidopsis and other plants. Plant J51:1126-1136

Li FF, Ll L, Sheen J (2010) Protocol: A rapid and economical procedure for purification
of plasmid or plart DM with diverse applications in plant biology. Alant Methods 5:1
12, Waadt R, et al. (2008) Multicolor birmelecular fluorescence corplementation reveals
simultaneous formation of alternative CBLICIPK complexes in planta. Plant ! 56
505-516
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Fig. §1. The phylogenetic tree of 20 SKD and VAD genes in P trichocarpa with their gene model names and their gRT-PCR quantified transcript abundances
(copy numbers per nanagram of 1otal RMA)Y in xylem, phloem, young shoots, and leaves. The 0006 bar represents the scale of 6% of protein sequende
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Fig. 52. Amino adid sequence identity (%) of the 20 SND and VD proteins in P. trichocarpa,
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Fig. §3. RMA-eqanalysis of the sequendng depth of each exanfintran junction for PrSNDI-A1, PEeSNDT-BI, and PErSNDT-E2. Sequentes wese mapaed to the
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Fig. 4. EMSA shows that each purified NAC domain protein of PErSND-A0 (1], PErSHDA-B1 §¥), and PrrSND1-B2 (W) binds to the PPAIYBO2T prommoter, and
that PtréMD1-AZ (iv), PtrSND1-81 {v), and PtréND1-B2 (W) bind to their own promater, PtrelD 42" cannat bind to the promaters of PrrENDT-A2 (i), PreENDi-
&1 (), or PrSNDT-82 (W), Unlabeled promoter fragments were ised as oompetitors. Arrows represent shifted complexes, and arrowheads represent non-
specrfic minding.
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Fig 55. Effect-reportor-based transactivation assays show PrrSND1-A2'" cannot activate PITSND1-AT, PIrSNDI-A2, and PrrSNDT-BT promoters. The effector
comatruct ontains the CaMV 355 promoter driven PESND-A2% |n each reporter comstruct, the GUS gene i driven by an ~2-kb promoter of PESNDT-A1,
PIESNDP-AZ, or PrSNDP-BT. The effector and reporter constructs were cotransformed nto Arabidopdis leaf protoplasts. The transdfection with the reporter
conatruct only was the montrol, for which the GUS activity was set as 1,
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BNAS

Table 51. Sequences of primers used in this study

Primer name Sequence (5 — ¥} Use
SWD-AT-rF ThGECTTERTGRCAGCROCCATGRRA ORT-FCH
SO -AT - TCTARRTACCCGECARROCACCCAR
SWD-AZrF TCOGEECARCTTARCGATTGGETA
SNDN-A2-H GCATTTOGECTRETASTARAGCA

SND-AZTF GRETTOTTCTATGT P OGAT R CTAGSS
SND-A2" 1R CARACCACOCACCCT TOTTCR

SWD1-B1-1F RACTEGECRACCCTIGADCGTCTA

SWET-B1-rR CTRATGLETTEGETCARTGCAGSET

SO B2F AGRCTCTGECCTTAACRACTGGET

SHD-E2-R BGCACGCTGATTGCCTAGRGETTT

SNE L 1-iF TOCARCCEEEACTOGRACAARS

SO L A=rR ACCAATCCTCTGRGAGTTGC TRAGAT GG

SO L2 TCARRACCTGGATCATCAGCRGCRCTART
SNDAL 2R MGRATETCACTCTCAAAGCCAAGGTE
WHIDEAT-IF A0 TRERTATAMAC CRARC AL CRETT
WNDEAT-IF CGRCTTEATCAACTEC TTRCT CATGATTEC
WNDEAZ-TF CARATRGAGCCACTECTEITEGE

WHDEAZR AGGTCTTCCTCATTC CGATCRAG TCT
WNDEEF TCATGCAGCTGAGCAGATGCAT

WNDEET-IR ACTGCRACTCCACCT TGAGCCATATTC
WNDEEEF GOEACTOCTTEACAARTTTO TTCTTOD
WNDEEI-TR TOCATTAAMEETEEC TETAC TEEAIEN
WNDEC1-TF ToCTCRGTTAARGAGCCCATOCCT

WNDECT-TR TCTGEETETTST TG T TGERCAR CATTCT
WHDEBCErF TEETERTGETGTTTCARGET TTGTTGRE
WNDECER ACTTGTTCOCGTCAT CTCTACCACTTTG

VNI F-T-rk GOCOTECTOTCCARGRACREE

WNDFArR ACCACCCATCCCTCT TCCTGRG

WHDF-2-rF ACATACGGTTCATCCGAATCARAGTGCA
WHD7-2-rR GTGEARAT GAGGTCCGAACTCGAGTTA
SND2EAY-FF NICCHCCASTTOTTTCATCARECR

SINDVEE AT R CECCAECARMACTEECCTE

SWDEEALTF OOGCCRCTTCTETCATOGTCON

SWDEEAL R CITGTCTAGTC T TGO CTETT TTE TG
SKD23B1-rF TTCGCCACTTC T TCCATOGACTAT
SKDZAB1-rR TCACCACCTTCTGTGTCTGTGTRT
SND2ABIF TICGOCACTICTTOCATOGEE

SHDEEBI-TR CCRCCTTCTETETCCOTOTAC

SHDZAL-F GRCACATGOGATGAGRTTCAG

SHDZALT-IR CARTCTGGTGATGCACCETE

SHDEELI-IF GECACATOOCATEAMATICOA

SHDESELI-TR ThETTGECARACTEGTEADGCE

MYEDRE 1-rF GERCARGETTGCTGEAGTGATATE

FYEOZ 1-rk GECOCTCARCTRATTARTOCARCGRAGT

V85-rF CGAAGRCGRTCAGATACOGTCCTA

RLT= TITCTCATAAGGTGC TGECGGAGT

Al-F CRCCTTETOCTAGC AT GO0 T AL G claring
Al-R TETTATACOEACARGE TGECATAATOER

A2-F CACCCRAGOCT CRCTACCTATRA TS

AR RCGTRACCTRERCTCTTAGGETTIC

E1-F CACCTOCCTRATCCTCTCTCGCTCGE

E1-R AGGGTRATTCTGTTATGCACCTGTG

B2-F CACCARCCTCTCTTCOTCRCTCCCTCR

BIR ATTTGTAGEETART T CTGCTATACRCTAG
AR GARRARGLRTRAGAGTATAGGATATTCRAGT
AIPHF1 CTEACAATTCTARTGOCTEARGATAT GO TGANTC Recambinant protein
AlPr-R1 COATOTCORCCAATGAGCTTGATGAGCCTT TGS expresian
ALPT-F1 CGRCATCT AR A TECCTERGCATATERT CAR T
A2Pr-R1 CTEAGTCERCTCATT TGGGACT CTCRRGEGTTTE
EPr-F1 CTGAGRATTCTAAT GRCAGARRACAT GACTATATCTIGT
E1PrR1 CERTGTCERCACTGATGGGT GRT GRACTRARRG
EZPr-R1 CGATGTCGRCTGCAG TEATEGETGAT GARRCTC
A3"-PrR GACTCTCGAGSTARGAGTATAGGATA TTCARGE

Li &t al. wedsd pnas o gieglicanientish ot 212977103
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BNAS

Senuence (5 - 3

D21EMS5AF
O EMS AR
AAEMEA-F
AAEMEAR
AJEMEAF
AIFEMEA-R
E1ERMEA-F
B1EREA-F

ThIOATCCATGCCTOAAGATATOCTEANTC
GICACTCERETACCEACARG TGECATRATGEE
TREGATCCRTGCCTGAGERTAT GATERATS
BCGTCTCERETACCEATARG TGECATRATGEE
GRCTGRATTCTARATGACAGARRACATGAGTATATCTGT TR
ATCGETCGRCRAGGETARTTC TG TRTGCRCCTGIG
CACTOAATTCTARTGRACAGAIARCAT CACTATATCTICTG
RICOOTCOACATTTATAGGO TAATTIC TACTATACRETAG
TCTAGREGTACCACTAGTAT GAMACT GTRCAGGEERTCCT
CGRGCTCANTERTCRT CRTGATGATOC TCCTCECAGECT TOCGTERAS
TECTARGCTTCCOCACTTRATT AT TT TGGS
TCGAGGATCCTAGRARGETGAT CTRTRATCTCTTCCC
GCACTCARTATACRGCRTTTCS I TTTTGE

TCCAGGAT OGS TATARRGCT GGC TREGERGT GRAT
TECTAAGCTTRAGCARRCTARACARGCATCTRAGTTRAG
TCGACGATOCCATCARTETGORT GTRRG RGARAACE
TOCTARCCTTOACAATTACT CC T TOOAC TCTOCAT
TCEAGENTOCECERG CEMIAGA L GAT TAEEGER
CARCRET COTAMMTGET GG TCATOST

CREAGEATOCT GRGECRETERGERRERERGETT
CRCCART TRTGTGGT CCATTGR
GERGTTTETTTCATARCTRAGCT
CCCTACCCTCTTCTCTATCT TTAGTC T
CATTTTTOCTAOGACAAATT TAT TET AT AAAGT
CARAACEANRATGCRCGTCTACS
CTGRAGACTCAGCAACTTAATTTCC

TGATOTTASET TEACACTTO
OCRATTTTRACCATTCRATAT
RCTGGRTECTTATATCGTC
CERGTGATRETTATARROGE

TCGAGRATTCATGCC TGAGGATATGRTGRAT CTATC
CATGGEATOCGARRAGGTAAGRG TATRGGATAT T CARGT
TCGACAATTCATGCCTEAAOATATOE TARATCTATC
CTRGGEATOCTERGCCTPTEGAACTOTCRAG
CTRGEEATOCT PTGECACTC TCARGECTTTT
TCEAGRATTCRTGRCAGARARCATERGTATATCIGIT
CTAGGEATOCGEETGATGAACTARMRCGTTTCTC
TCGAGRATTCRTGRACRGARARCATCGRGTRATATCIGTG
CTRGEGATOCGATGECTGAT CRACTCATRGCTC
AGCTGGATOCATECC TGARGATATOE TGRATCTATC
TCTCGAGTACCGACARGTGE CATAAT GG
AGCTOGATOCATGCC TRAGGATATCR TRRATCTATC
TCTCOACTACCOATARITEOCATANT COS
TEEATCCATERCRGMARACA TAMETA TATCTGTE
TCTCGRGTOCRCCTE TGTTT CRORACTG
RECTGGATOCATCRCAGARARCATCRCTATATCIGTG
TCTCGAGTRCACTAGTGTTT GGCAAGTG
TCTCGRAGRECATATARRATARRATTRRGTATAGEGARG
COACOTCORCATCOTCAGCARNGOCOCROCA
CETCORGCTCT PACT TETAC ARG TORTCCATG
CRCGTCTACKATEGC TEETCGTGCARARRCTC
RGCTCTCERERPCTT COPAAGEC TTTEGRRGCAC

CAGT TCTAGRRTCRE CRAGC CREROGCCTC
RECTCTCGRET POGAMATCARGEART GERAMGE

Gateway weoar
canstruction

Effector-reporter-basea
transactivation assays

K

Subcellular localization
anel BiFC
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among NACdomain proteins
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Introduction

Wood is a renewable raw material and thehfimost important product oivorld trade
(Plomion et al., 2001; LepikseNeto et al., 2013). Wood is used for fuel, construction, and
pulp production, which makes wood a very important resource for our society. The process
of wood formation is one of the most significant sinks of atmospherid@@duce the main
cause of global warming. Wood formation involves a highly ordered process of cell division,
cell expansion, cell differentiation, secondary cell wall thickening, and programmed cell
death through many regulatory hierarchical levels (Riesimet al., 2000; Davidson, 2001;
Wray et al., 2003; Jothi et al.,, 2009). Through the regulation of molecular and genomic
results in woody plants, many transcription factors were shown to regulate wood formation
(Schrader et al., 2004; Goicoechea et @)% Prassinos et al., 2005; Bedon et al., 2007;
Bomal et al., 2008; Pavy et al., 2008; Du et al., 2009; Wilkins et al., 2009; Grant et al., 2010;
Zhong et al., 2010b; Robischon et al., 2011). Among these transcription factors, a group of
NAC (for NAM, ATAF1/2, andCUC?2) domain transcription factors have been demonstrated
to function as master regulators, including SND1 (for secondaryi asalbciated NAC
domain protein), VND6 (for vasculaelated NAGdomain), and SND2/3 (Kubo et al., 2005;
Mitsuda et al.2005, 2007; Zhong et al., 2006, 2007, 2008; Yamaguchi et al., 2008; Wang et
al., 2013). These NAC domain proteins can activate the expression of many downstream
MYB transcription factors, and result in a cascade of transcription factors for regulation of
secondary wall biosynthesis and wood formation (Zhong et al., 2007, 2008; McCarthy et al.,
2009; Zhou et al., 2009). In Arabidopsis and poplar, SND1 transgenic poplar plants with

dominant repression of NAC domain protein functions exhibit a drastic reduatio
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secondary wall thickeningsND1 overexpression ressiih ectopic deposition of secondary
walls (Zhong et al., 2006; 2011). In Arabidopsis, the overexpression of VND6 induces the
ectopic differentiation of metaxyletike vessels (Kubo et al., 2005ndthe overexpression

of VNDG6 fused to a repressor domain causes defects in vessel elements (Kubo et al., 2005;
Yamaguchi et al., 2008). In poplar, wood formation was severely repressed in SND2
transgenic poplar plants overexpressing PtSND2 fused withpeessor domain; the
secondary cell wall thickness of xylem fibers was thinner, and the contents of cellulose and

lignin were decreased (Wang et al., 2013).

Because the NAC domain proteins are the master regulators, the regulation of NAC domain
proteins ca play a critical role in wood formation. For example, an abnormal overexpression
level of SND1 can cause the ectopic xylogenesis and stunted growth (Zhong et al., 2006; Li
et al.,, 2012). Little is known about the regulation of NAC domain protein. Theirgpli
variant of PtrSND4A2, PtrSNDXA2IR (Intron Retention), acts as a dominant negative of
the SND1 family transcriptional network regulationRopulus trichocarpdLi et al., 2012).
PtrSNDXA2IR can inhibit the transcription of PtrSND1 members and tHeiwnstream

gene, PtrMYBO021. For transcription factors to regulate their downstream genes, a set of two
transactivation domains formed through dimerization and a dual-BiINéing specificity are
necessary (Klemm et al., 1998; Miller et al., 2001; Gastal. e2003; Amoutzias et al.,
2008). PtrSND4A2IR lacks a DNA binding domain and a transactivation domain but retains
the protein dimerization function. @xpressing with any of the PtrSND1 family members,
PtrSNDXA2IR can be translocated into the nucldmg forming heterodimers with the

PtrSND1 members. Compared to SND1 homodimers (SND1/SND1), the heterodimers
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(SND1/A2IR) have only one functional DNA binding domain and transactivation domain,
which may cause the heterodimers to become incapable of mgitvia¢ downstream genes
(Li et al., 2012). To understand the inhibition of PtrSNEZIR, the DNA binding and
transactivation of the heterodimers still need to be investigated. The transcriptional regulation
of the PtrVNDG6 family also use a similar mectsani PtrVNDGCL1IR is a splicing variant of
PtrVND6-C1, and can inhibit the PtrVND6 family transcription (Li et al., 2014). Sharing the
similar mRNA and protein structure with PtrSNIB2IR, the mRNA of PtrVNDEC1IR has
retained intron 2. A premature termiiet codon exists in the retained intron 2, so the
protein of PtrVND6EC1IR has an incomplete-términal NAC domain and no-@rminal
transactivation domain. PtrVNBG1IR can inhibit the transcription of the PtrVNDG6 family,
but the mechanism is still unknowisurprisingly, PtrVNDEC1IR can not only inhibit
PtrVNDG6 family, but can also inhibit the PtrSND1 family. PtrSNB2IR can also suppress
PtrVND6 family (Li et al., 2014).The inhibition of PtrSND1 and PtrVNDG6 by their IRs

suggests cross regulation betwéles PtrSND1 and PtrVNDG6 families.

In this study, we demonstrated that PtrVNDGIR and PtrSNDJA2IR can both be
translocated into the nucleus by PtrSND1 and PtrVNDG6. The results of yedsylwao tests

for protein interaction showed that PtrSNB2IR can form a dimer with PtrVND&C1.
Furthermore, PtrSND2/3 members can also translocate Ptr\QDR and PtrSNDA2IR

into the nucleus, demonstrating a common mechanism used by the NAC domain proteins to
regulate their expression through forming #onction heterodimers with the splicing
variants. We also found that PtrSNA2RIR inhibits PtrSND1 family by forming a

heterodimer with decreased DNA binding ability.
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Materials and Methods
SDX Protoplast Isolation, Transfection.
The SDX protoplast isolation, transten were followed as described by Lin et €2013.

Four 16cm-long stem fragments were peeled to remove the bark and immersed in a 50 mL
centrifuge tube containing 40 mL of enzyme digestion solution. After 20 min digestion at
room temperature, thetems were transferred to a 50 mL tube with 30 mL MMG solution,
and the protoplasts were released by gentl e
75-mm nylon mesh and counted by using a hemocytometer. The final concentration of

protoplasts is 2 20’ cells per milliliter for plasmid DNA transfection.

Subcellular Protein Localization.

The plasmid DNA containing GFP fusion NAC protein was constructed as described by Li et
al.,, (2014. The buorescence was observednngunder
microscope. The excitation wavelength and the emission wavelength are 488 nm iand 492
543 nm, respectively, for GFP, and 561 nm andi 682 nm, respectively, for mCherry as

described by Li et al., 2012.
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Yeast two-hybrid assays

The yeast twdybrid assyswas performed as described by Li et al., 2012. Theldaljth
coding region of PtrSNDA2IR and the Nterminal NAC domain coding regions of
PtrVNDG6-C1 are in the bait vector pGBKT7 and the prey vector pGADT7AD (Clontech),
respectively. The bait andgy plasmids were cotransformed into the Y2HGold yeast strain
and selected on synthetic dropaugfar plates lacking leucine (Leu) and tryptophan (Trp)
(SD/A Leu/i Trp). Positive clones were plated on synthetic dropgatr plates lacking

leucine, tryptopha, histidine, and adenine (Ade) ($eul Trp/i His/i Ade) for 514 d.

In vitro transcription/translation protein synthesis

The plasmid DNA (Duef2: PtrSNDXA2 expression vector. Dué2IR: PtrSND1A2IR
expression vector) was constructed as describgdLib et al.,, 2014. Thein vitro
transcription/translation protein synthesis was performed according to the manual of the
PUREXxpress in vitro protein synthesis (New England Bg)labhe necessary number of
aliguots of solution A and B erethawed on ice. @ution A, solution B, RNase inhibitor,

DNA template, and nucleasee water were added in a @ tube consecutively. The
mixture was mixed gently and collected at the bottom of the tube by spinning. The mixture
was then incubated at %7 for 2 hr. Thereaction was stopped by placing the-tPtube on

ice. The synthesized proteins were used for western blotting immediately as described in

Chen et al., 2011.
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Results and Discussion

Messenger RNA and protein structure of splicing variants PtrVND6C1 and PrVNDG6 -

C1lIR

We analyzed the mRNA sequence and protein structure of PtrM@®IDBased on the.

trichocarpa genome (V2.0;http://www.phytozome.ofg The genomic DNA sequence of

PtrVND6-C1 (POPTR_0007s13910) contain®@ns and 2 introns (Fig. 1A). There are 2
splice variants oPtrVND6-C1: PtrVND6-C1 andPtrVND6-C1IR PtrVND6-C1 mRNA has
3 exons, and the mRNA &ftrVND6-C1IRhas 3 exons and 1 intron (intron 2). The intron 2

in PtrVNDG-C1IRis retained during the mRNAokcing.

The inferred protein structure of PtrVNBEL includes an M er mi n al NAC doma
Ula/ b,ib&nsubdo ma-termmal actvatidn damai@ (Fig. 1C, D). Because of a
premature termination codon in the intron2 of BteVND6-C1IR mRNA, PtrVNDCL1IR &

only translated from exonl, exon2 and a part of intron2 leading to a smaller protein (21.1 kD)
rather than the PtrVNDE&1 (39.7kD). Due to the premature termination of translation,
PrtVND6C11 R contains an incompl etib5 Na&mama)o mai n
Because t he D G6terminabattivane idomaimaaredenc@ded in exon3, they are

not inthe PtrVNDG6-C1IR protein (Fig. F, G). Therefore, the mRNA (3 exenk intron) and
protein structure (lacking t&nofBté/NDEGIHRI 0o mai n
are similar to PtrSNDAZ2IR (Li et al., 2012). We call the PtrVND6 members with intact

NAC domain and transactivation domains as-$ige PtrVND6 members compared to

PtrVNDG6-C1IR.
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Figure 1. Gene and protein sequence structurtofND6-C1 and PtrVND6-C1IR (A)

PtrVND6-C1 genomic DNA with three exons (EE3) and two introns (I1 and 12). (B)
PtrVND6C1ImRNA wi th 56 and 3NUTR-Cl grotanywittban Nle s ) . (
terminal NAC domain and a-@rminal activation domain. (D) Detastructure of the

PtrVND6-C 1 protein. NAC domain 1ib6ntsauibrdso madns .U
PtVND6C1I R mRNA with a retained intron 2, 56
termination codon (PTC) is in the retained intron 2. (F) PtrvVMNII6R with anincomplete

N-terminal NAC domain and without an activation domain. (G) Detail structure of Ptr¥ND6
CllR containingb®6subldamai, nsandb6bli s-CliRot i nc

protein.
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PtrVND6-C1IR is in cytoplasmic foci and the six fullsize PtrVNDG6s are in the nucleus

of P. trichocarpaSDX cells.

To study the function of PtrVNDEL1IR, we first examined the subcellular localization of
PtrVND6-C1IR. Green fluorescence protein (GFP) was fusétl PtrVND6-C1IR atthe
protein Gterminus. Because thmibcellular localization of all fulsize PtrVND6 family has

not been shown before, we also fused GFP to each otlleePtrVND6 members at the-C
terminus. Most of the NAC domain proteins were found in the nucleus (Zhong et al., 2006;
Li et al., 2012),s0 we cotransfected PtrVNBB1IR with H2A1 (a nuclear marker) fused
with mCherry,ared fluorescent protein, to reveal the subcellidaation We cotransfeetd

each of the PtrVND6 members fused wiBFP including PtrVNDEC1lIR with H2A1
(mCherry) into ylem protoplasts, and observed the transfected xylem protoplasts under a
confocal microscope. All fulize PtrVNDG6s cdocalized with H2A1 in the nucleus (Fig.
2A-F), but PtrVND6CL1IR was not locatedn the nucleus. PtrVND&1IR was found in
cytoplasm fai (Fig. 2G), which is similar to the subcellular location of SNEZIR (Li et

al., 2012). We then asked if PtrVNBELIR localizes in the same location as PtrSNE2IR.

We fused mCherry to the proteint€minus of PtrSNDJA2IR, and transfected PtrVNDB6
C1lIR-GFP with PtrSNDAA2IR-mCherry into xylem protoplasts. PtrVNB®BLIR is foundin

the same location as PtrSNIARIR in cytoplasm foci (Fig. 3A). We also switched the
fluorescent proteins between PtrVNHOAIR and PtrSNDJA2IR, and the results were the

same Fig. 3B).
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H2A-1: H2A-1:
mCherry mCherry

H2A-1:
mCherry

H2A-1: H2A-1:
mCherry mCherry

(G)

H2A-1:
C1'R:GFP mCherry merged

Figure 2. Protein localization if. trichocarpaSDX protoplasts. The fulize PtrVNDG6
members are located in the nucleus, and Ptr\AGRER is found in cytoplasm foci. (AG)
Subcellulardocationof seven PtrVNDG6 fusion proteins: PtrVNB¥GL (A), PtrVND6-A2 (B),
PtrVND6-B1 (C), PtrVND6B2 (D), PtrVvND6C1 (E), PtrvND6C2 (F), and PtrVND6
C1lIR (G). Each PtrVND6 was fused with GFP and cotransfected with the nuclear marker

H2A-1:mCherry into SDX protoplasts.
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(A)

-
C1'R:GFP mCherry

p C1%:
A2'R.GFP mCherry

Figure 3. Protein localization iA. richocarpaSDX protoplasts demonstrates that PtrVND6
C1lIR localize in the same location as PtrSNAZIR in the cytoplasm foci. (A, B)
Subcellular localization of PtrVNDE1lIR. PtrVND6C1lIR was fused with GFP and
cotransfected with PtrSNDA2IR fused with n€Cherry into xylem protoplasts (A).
PtrVND6-C1IR was fused with mCherry and cotransfected with PtrSNPIR fused with

GFP into xylem protoplasts (B).
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Cytoplasmic PtrVND6-C1IR can be translocated into the nucleus by fulsize

PtrVNDG6s.

Because PtrVND&1IR can inhibit the transcription of PtrVND6 and PtrMYB021 (Li et al.,
2014) and is in the same location as PtrSMRIR (Fig. 3), we examined whether
PtrVND6-C1IR inhibits PtrVND6 and PtrMYBO021 through the same mechanism as
PtrSNDXA2IR. We cotransfecte each of the fulsize PtrVND6 members (GFP) with
PtrVND6-C1IR (mCherry) into xylem protoplasts. With thettansfection of any one of the
six full-size PtrVND6 members, PtrVNBB1IR was translocated from the cytoplasmic foci
(Fig. 3) to the nucleus, uktrated by the nuclear colocalization of PtrVND®IR (mCherry)
with each of the six fulsize PtrVND6s (GFP) (Fig. 44&). We also transfected PtrVND6
C1IR (GFP) with PtrVND6C1IR (mCherry) as a control, and both GFP and mCherry signal
were shown in cytdpsm foci which shows that PtrVNBGB1IR cannot translocate into the
nucleus by itself (Fig. 4G). Each PtrVND6 can translocate Ptr\AEIDER into the nucleus,
which means PtrVND&1IR may have the ability to form heterodimers with PtrVND6 to

inhibit their tanscriptional activation.
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C1®: o C1'®:
mCherry mCherry

C1'R; C1'R:
mCherry mCherry

c1%: C1*:
mCherry mCherry

(G)

C1*:
C1'®:GFP mCherry merged

Figure 4. Protein colocalization irP. trichocarpa SDX protoplasts demonstrates that
PtrVNDG6-C1IR is translocated from cytoplasmic foci to the nucleus bysiaé PtrVNDG6
members. (AF) Translocation of PtrVND&1IR from the gtoplasmic foci (Fig 1G) into
the nucleus by fulkize PtrVND6s. (G) Without the fullize PtrVNDG6s carrier, PtrVND6

C1IR remains in the cytoplasm.
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Cytoplasmic PtrVND6-C1IR can be translocated into the nucleus by fulkize PtrSND1s.

The NAC domain is ighly conserved among NAC proteins, and the protein dimerization
domain is included in NAC domain. Although PtrVNHOAIR does not have a-t&rminal
activation domain, it has a-términal protein dimerization domain. It is highly possible that
PtrVNDG6-C1IR inhibits the transcription of PtrVND6s by forming heterodimers, because
PtrVNDG6-C1IR can be translocated into the nucleus by PtrVNDG6s. PtrVEDR can also
inhibit the transcription of PtrSND1s, so we tested whether PtrVRDR can form dimers

with PtrSND1s by being translocated into the nucleus by PtrSND1s. PtrvBIDR
(mCherry) and each of the PtrSND1s (GFP) were cotransfected into xylem protoplasts. With
the transfection of any one of the four fsite PtrSND1 members, PtrVNBBLIR was
translocatedrbm the cytoplasmic foci (Fig. 3) to the nucleus, demonstrated by the nuclear
colocalization of PtrVNDEBC1IR (mCherry) with each of the four ftdize PtrSND1s (GFP)

(Fig. 5A-D). This result proved that PtrSND1 members can interact with PtrVND6 members.
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C1*™:
mCherry

C1%:
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C1'R:
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€™
mCherry

Figure 5. Protein colocalization iR. trichocarpaSDX protoplasts. (AD) Translocation of
PtrVND6-C1IR from the cytoplasmic foci (FigX. 1G) into the nucleus by the-dizik

PtrSND1s.
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Cytoplasmic PtrSND1-A2IR can be translocated into the nucleus by fidsize PtrVNDG6s.

PtrVND6-C1IR can be translocated from cytoplasm foci into the nucleus by PtrSND1
members, which demonstrates the interaction between PtrSND1 and PtrVND6 members. We
then tested if PtrSNDAZ2IR can also be tranlocated from cytoplasm foto ithe nucleus by
PtrVND6 members. PtrVNDE&1IR (mCherry) and each of the PtrSND1s (GFP) were
cotransfected into xylem protoplasts. With the transfection of any one of the fosizéull
PtrVND6 members, PtrSNDA2IR was translocated from the cytoplasmaxif (Li et al.,

2012) to the nucleus, demonstrated by the nuclear colocalization of P#SRIB1

(mCherry) with each of the six fuflize PtrVND6s (GFP) (Fig. 64).
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A2%: A2'R;
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Figure 6. Protein colocalization iR. trichocarpaSDX protoplasts. (AF) Translocation of
PtrSNDZXAZ2IR from the cytoplasmic foci (Li et al., 2012) into the nucleus by thesin#

PtrSND1s.

98



Yeast two-hybrid assaysdemonstrate that PtrSNDXA2IR dimerizes with PtrVND6-C1.

All PtrVND6 members can translocate PtrSNB2IR, which indicates that PtrSNBDA2IR

may have the ability to form heterodimers with all PtrVND6 members. We performed yeast
two-hybrid experiments to test whether PtrSNBRBIR can form dimers with PtrVNDE&1.
PtrVND6-C1 was fused with a DNA binding domain (BDtr¥"ND6-C1) in the pGADT7
vector, and PtrSNDA2IR was fused with an activation domain (AD: PtrSNB2IR) in the
pGBKT7 vector. We cotransformed BD: PtrVNEBL and AD: PtrSNDJA2IR into yeast.

With both vectors transformed, the yeast can survive orLthé-Trp dropout plates (Fig. 7).

If two proteins (ex. PtrVND&C1 and PtrSND4A2IR) can interact with each other, the yeast
can survive on theLeulTrp/-His or -Leu/-Trp/-His/-Ade dropout plates. Becauskeul-
Trp/-His/-Ade dropout plates have high stringgraelection, only the protein with strong
interactions allow the yeast to survive. The yeast with BD: Ptr\Adénd AD: PtrSND41

A2IR vectors survived on the_eu/Trp/-His/-Ade dropout plates, which demonstrated a
strong interaction between PtrVNBEL and PtrSND1IA2IR (Fig. 7A). We also used a
commercial positive control, a commercial negative control, and three other negative controls
(Fig. 7B): (1) Commercial positive control: the yeast was transformed by BD: 53 and AD: T,
which can survive on theeu/-Trp and-Leu/-Trp/-His/-Ade dropout plates. (2) Commercial
negative control: the yeast was transformed by BD: Lam and AD: T, which can survive only
on theLeulTrp dropout plates. (3) Negative control: The yeast transformed with BD:
PtrVND6-C1 and AD: Empty(4) Negative control: The yeast transformed with BD: Empty

and AD: PtrSND3IA2IR. (5) Negative control: The yeast transformed with BD: Empty and
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AD: Empty. The controls can only survive on theu/Trp dropout plates but not on the

LeulTrp/-His/-Ade diopout plates.

(A) (B)

&

BD: Lam
AD:T

4

Y,

%
%

: PtrVND6-C1
: PtrSND1-A2'R

BD: 53
AD:T

: Empty
: PtrSND1-A2'R

: PtrVND-C1
: Empty

: Empty
: Empty

Figure 7. Yeast twybrid tests demonstrate that PtrSNB2IR interacts with PtrVND6é

C1. PtrVND6C1 was fused to the Gal4 binding domain (BD) to make BD: Ptr\Ab&s

the bait. PtrSND4A2IR was fused to the Gal4 activation domain (AD) rtake AD:
PtrSNDXAZ2IR as the prey. AD or BD fused with no gene, AD: Empty and BD: Empty,
served as negative controls. Each bait and prey pair was cotransfected into yeast cells and
selected on théLeu/i Trp (I LW) plates. (A) PtrSND4A2IR/PtrVNDG6-C1 proten-protein
interaction was validated by the survival of the transformants on thieL &V Trp/i His/i

Ade (LWHA) plates. (B) The commercial positive control (BD: 53/AD: T) and negative

control (BD: Lam/AD: T).
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Cytoplasmic PtrSND1-A2IR and PtrVND6-C1IR can also be translocated into the

nucleus by PtrSND2/3, PtrSBD2/dike, PtrSND1-like, and PtrANAC

The NAC domain is highly conserved, so PtrSNEZAIR and PtrVNDGBC1IR may also be
translocated into nucleus by other NAC domain proteins by forming heterodimerssetfe

the NAC domain sequence similarity (Li et al., 2012) to select other NAC domain protein
candidates (other than PtrSND1 and PtrVNDG6) for PtrSMRIR and PtrVNDGC1IR
translocation tests. We selected PtrSND2/3, PtrSBIi¥3 PtrSNDllike as a high
similarity group, and PtrANAC for a low similarity group. Because the subcellular location
of these NAC proteins Banot been reported, we first tested their subcellular location.
PtrSND2/3, PtrSBD2f8ke, PtrSNDZlike, and PtrANAC were fused with GFP and
transfected into xylem protoplasts, and all of them are located in the nucleus (Fig. 8).
PtrSND2/3, PtrSBD2KBke, PtrSNDlike, and PtrANAC are all in the nucleus, so they may
have the ability to translocate PtrSNHARIR and PtrVNDBCL1IR into the nucleudNe then
cotransfected PtrSND2/3, PtrSBDZil8e, PtrSNDZlike, or PtrANAC (GFP) with PtrSND1
A2IR or PtrVND6C1lIR (mCherry) into xylem protoplasts. Both PtrSNB2IR and
PtrVND6-C1IR can be translocated into the nucleus by PtrSND2/3, PtrSBiR&/3
PtrSND1-like, and PtrANAC (Fig. 9) which indicatebat PtrSNDXA2IR and PtrVND6

C1IR may also regulate these genes.
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Figure 8. Subcellular protein localization. (A) PtrSNDZ&B, (B) PtrSND2/3B1, (C)
PtrSND2/3B2, (D) PtrSBD2/3ike2, (E) PtrSND1like2, and (F) PtrANAC. Each gene was
fused with GFP and cotransfected with the nuclear marker-H2ACherry into xylem

protoplasts.
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Figure 9. Protein colocalization irP. trichocarpa SDX protoplasts demonstrates that
PtrSNDXA2IR and PtrVNDBCL1IR are transloated from cytoplasmic foci to the nucleus by
PtrSND2/3, PtrSBD2KBke, PtrSNDtlike, and PtrANAC. (AF) Translocation of PtrSND1
A2IR from the cytoplasmic foci (Li et al., 2012) into the nucleus.HTranslocation of

PtrVND6-C1IR from the cytoplasmicti into the nucleus.
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PtrVND6-C1 antibody specificity tests provide in vivo evidence of PtrVND&1 and

PtrVNDG6 -C1IR heterodimer formation.

PtrSNDXA2IR and PtrVNDBCL1IR can be translocated into the nucleus by many NAC
domain proteins by forming heterodimseln vivo results using cammunoprecipitation of
PtrSNDXA2IR and PtrVNDG6C1IR with NAC proteins using the nuclear protein extracted
from xylem tissue can provide additional solid evidence for these heterodimers. Because the
PtrSNDXA2IR and PtrVNDGCL1IR protein sequence are almost identical to PtrSRR1

and PtrVNDGCL1, respectively, the only part that can be used to generate specific antibody
are the protein sequence trast from intron 2 (Fig. 1E, Fwhich daees not exist in
PtrSNDXA2 and PtrVND6C1 proteins. However, the intron 2 protein sequence of
PtrSNDXAZ2IR is not suitable for antibody produatio so we couldonly synthesize a
PtrVND6-C1IR specific antibody and test its specificity (Li et al., 2014). To test for the
PtrVND6-C1IR and PtrVNDEC1 heterodimer, we also synthesized an antibody specific to
PtrVNDG6-C1. For the PtrVND&C1 antibody specificity test, we fused each gene of the gene
pair, PtrVND6C1 and PtrVNDEC2, to Strep tags resulting in Strep:PtrVNDB& and
Strep:PtrVND6C2. We usedrain vitro transcription/translation protein synthesis system to
synthesize PtrVND&1 and PtrVNDEC2 to perform western blotting. Two western blots
were performed, and the proteins were detected by a Strep tag antibody and PEYND6
antibody. The Strept antibody can recognize both PtrVNDBG and PtrVNDEC2, but the
PtrVNDG6-C1 antibody can only recognize PtrVvNf®61 whi ch demonstrates
specificity (Fig. 10). The PtrVND&1 and PtrVNDEC1IR specific antibodies can be used

for future ceimmunoprecipitation experiments.
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anti-Strep ——— a— - 40 kD

anti-VND&-C1 - -40 kD

Figure 10. Western blotting for antibody specificity. Synthesized proteins iinoritro
transcription/translation protein synthesiscluding empty vector (N), PtrVNDE&1 (C1)
and PtrVND6C2 (C2) fused with Strep tag thite N terminus were probed with the astep
and antiPtrVND6-C1 antibodies, respectively. The Strep tag antibody can recognize both
PtrVND6-C1 (Cl1l) and PtrVND&C2 (C2) fused with Strep tag, and the PtrVNO®H

antibody can recognize only PtrVNBEL (C1).
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The PtrSND1-A2IR and PtrSND1-A2 heterodimer has decreased DNA binding ability.

PtrSNDXA2IR can inhibit the function of PtrSNDBA2 by forming a heterodimer. The
PtrSNDZXAZ2IR protein has no DNA binding ability or activation domain (Li et al., 2012),
which means that the A2IR/A2 heterodimer may have decreased DNA binding or activation
ability. To test if the A2IR/A2 heterodimer has decreased DNA binding ability, we co
expressed PtrSNDBA2IR with PtrSNDXA2 NAC domain and performed electrophoretic
mobility shift assay (EMSA) using the promoter fragments of PtrMYB021, PtrSAID1
direct target (Li et al., 2012; Lin et al., 2013). We first fused the PtrSAIDINAC domain

and PtrSND4A2IR to a His tag and a Flag tag, respectively, resultingRtiSNDIA2NAC

and FlagPtrSNDXA2IR expression vectors. We used vitro transcription/translation
protein synthesis system to express-PisSNDXA2NAC and FlagPtrSNDIA2IR by
adding the expression vectors. During protein synthesis, the total amount of expression
vectas were set at equimolar levels to keep the same protein synthesis efficiency, and an
empty vector was used as negative control. PtrSNRINAC domain can bind to the
PtrMYB021 promoter fragment, and PtrSNB2IR cannot bind (Fig. 11A). When we
increasedie amount of PtrSNDA2IR (Fig. 11B), the DNA binding ability of PtrSNDBA2

NAC domain decreased (Fig. 11A). The results demonstrate that Ptr&RIR1can inhibit

the DNA binding ability of PtrSNDJA2 presumably by forming heterodimers.
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Figure 11. TheDNA binding ability of PtrSND1A2 and PtrSNd4A2IR heterodimer. (A)
Different amounts and types of protein expression vector combinations were used in EMSA.
Duet: Empty vector. DueA2: PtrSNDXA2 expression vector. DU&?IR: PtrSND1A2IR
expression vecto The arrovg show the shifted DNAprotein complex. (B) Western blotting
using Flag tag antibody. PtrSNBM2IR protein amount increases when the expression
vector amount increases. The DNA binding ability of PtrSM2ldecreases (the shifted

band becomes @aker) when the amount of PtrSNIB2IR increases.
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Conclusions

In this study, we discoverdatiatthe splicing variants PtrSNBA2IR and PtrVNDBCL1IR of
PtrSNDXA2 and PtrVND6C1, respectively, can be translocated into the nucleus by
PtrSND1, PtrSND4ike, PrVNDG6, PtrSND2/3, and PtrSND24&e members. In a previous
study, PtrSNDJA2IR and PtrVNDGBC1IR were proved as inhibitors of the PtrSND1 and
PtrVNDG6 families. The translocation of PtrSN{ARIR and PtrVND6C1IR by PtrSND1 and
PtrVND6 members can explaimdt the inhibition acts through a similar mechanism as
PtrSNDXAZ2IR inhibiting PtrSND1 family (Li et al., 2012). Because PtrSNERIR and
PtrVND6-C1IR can be translocated into the nucleus by PtrVND6 and PtrSND1 members,
respectively, protedprotein interations may exist between PtrSND1 and PtrVNDG6 families.
We used yeast twbybrid tests to demonstrate the protpmotein interaction between
PtrSNDXA2IR and PtrVND6C1. PtrSND1A2IR and PtrVNDG6C1IR inhibit PtrSND1 and
PtrVND6 families by forming noffunctional heterodimers. The PtrSNBXRIR protein has
only a protein dimerization domain but no complete DNA binding domain and no
transactivation domain. The ndunctional heterodimer may lack DNA binding ability or
transactivation ability or both. We @xpressed PtrSNDA2IR and PtrSND3A2 to obtain

the heterodimers, and used EMSA to demonstrate that the heterodimer of RAINDA

PtrSNDXA2IR has decreased DNA binding ability.
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ages 3 to 9 months were used, We collected SDX tissue strips
(s=a Supplemantal Methods 1 online) and used ~2 to 7 g (fresh
weight) for each protoplast isolation. Isolation protocols developed
for woody tissues (Teulleres et al., 1991; Manders et al,, 1992,
Gomez-Maldonado et al,, 2001; Sun et al., 2009; Tang et al,,
2010) were tested and gave very low yiekds, particularly from plants
3 to 4 months of age.

We then modified the transient expression in Arabidopsis
mesophyll protoplast protocol (Yoo et al., 2007) focusing on
6- to 9-month-old plants, resulting in high yields of 2.5 x 107
protoplasts/g of fresh weight SDX. For —2.5 g of SDX that we
usually use for each isolation, the modified protocol would allow
the generation of 60 RNA-seq libraries. The total time needed
for procassing evary 2.5 g of SDOX to generate protoplasts is —4 h
(1 h for preparing tissue strips and —3 h for cell wall digestion).
The efficiency of this system is comparable to or better than many
others (Manders et al, 1992; He et al, 2007; Riazunnisa et al.,
2007; Yoo et al,, 2007, Sonntag et al., 2008; Tang et al, 2010,
Zhang et al,, 2011; Guo et al,, 2012; Huddy et al, 2012; Ptzschke
and Persak, 2012); however, the throughput (4 h for every 2.5 g
SDX) was still low. We then found that a debarked stem segment
(Figure 1; see Supplemental Figure 1 onling) with intact SDX can
be used directly to release SDX protoplasts by submerging the
stem into the enzyme digestion solution, Using this stem dipping
approach, futher optimization of cell wall digestion conditions led
to a major reduction of total processing time from -3 h down to
~20 min, The trypan blue dye exclusion test demonstrated that,
after 20 min or even up to 3 h enzyme digestion under optimized
conditions, —98% of the freshly isolated SDX protoplasts are vable,

Our optimized system (using stem dipping) requires a very
short total processing time of ~25 min {from tissue harvest to
protoplast recovery) and gives a high yield (2.5 x 107 proto-
plasts/g SDX), making  one of the most efficient protoplast
isolation systems reported (Wu et al., 2009; Tan et al., 2013).
Furtharmorse, our system allows protoplast isolations from mil
ligrame to tens of grams of SDX tissue at a similar efficiency and
high protoplast yield.

Wa next incorporated the optimized SDX protoplast isolation
with a DNA transfection process to develop a transient transgene
expression system. We focused on polysthylens glycol (PEG)-
directed transfection and tested key reaction parameters, A
plasmid DNA (pUC19-355-sGFP) for expressing a synthetkc green
fluorescent protein gene (sGFF) (Chiu et al., 1996) under the
control of a cauliflowar mosaic virus (CaMV) 35S promoter was
usad as the reporter gene, and the green fluorescent protoplasts
(see Supplemental Figure 2 online) were counted to estimate the
transfection efficiency. We readily achleved at sast 30% transfection
efficiency using several combinations of parameters (Table 1).

Finallty, we tested the entire system (optimized isolation and
transfection) with SDX isolated from greenhouss-grown plants
at different seasons, ages (6 to 9 months), and developmental
stages (internodes 10 to 40), The system is robust, independent
of these factors, and gives consistent results: (1) —25-min total
isolation time, (2) high yields (~2.5 x 107 protoplasts/g SDX),
and (3) 30% transfection efficiency.

We then used this protoplast system as a transient transgenic
madel to lsarn the Ptr-SND1 -B1-directed functional hGRN for wood
formation. We first used qRT-PCR to test the specific transcriptional

Figure 1. P. trchocarpa Stem Dipping Approach for SDX Protoplast
Isolation,

(A) A 10-crm stem segment

(B) A debarked atem segment.

{C) Debarked sterrs in the call wall digeston enzyme scalution in a 50-mL
Falcon twbe for SDX protoplast isolation.

responses of the protoplast system to the overexpression of
Ptr-SND1-81.

The P. trich, pa SDX Protoplast System Provides in Vivo
Evidence That Pir-SND 1-B1 Is a Transcriptional Activator of
Ptr-MYBO002 and Ptr-MYB021

We transfected the SDX protoplasts with a plasmid DNA
{pUC19-355-PrSND1-B1-355-sGFP) for simultaneous expres-
sion of Pr-SNDT-81 ard sGFP, each urxer the control of
a CaMV 35S promoter. A portion of the same batch of proto
plasts was also transfected with a pUC19-35S-sGFP plasmid as
a control. After 12 h, PCR analysis of total RNAs from the trans-
fected protoplasts using gene-specific primers {Shi and Chiang,
2005) confrmed a high level of Ptr-SNDT-817 transcript from the
genomic DNA of the Ptr- SND1-81 transgene. gRT PCR analysis
demonstrated that overexpression of Ptr-SNDT-87 in SDX
protoplasts increased the transcript levels of two R2R3-MYB-
type transcription factor genes, Ptr-MYB002 and Ptr-MYB027,
by 10- to 20-fold (Figure 2). Ptr-MYB002 and Ptr-MYB027 are
phylogenstically paired MYB homologs in the P. tnchocapa
genome (Li et al.,, 2012}, We previously demonstrated that the
Ptr-MYB027 gene is a direct regulatory target of Ptr-SND1-B1
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Table 1. Oplirmization of PEG-Madialed P. irchocanng SDX Protoplas! DMNA Translection

PEG

Plasrmic DMA Purification DHACel Ratic Type % twiv) Transfection Time [min) Transfection Eficiency®
Ciagen mini 10 pgi2 «10* PFEG4000 40 10 <8% = 10)
Ciagen midi 10 pg'2 =10 PEG4000 40 10 15% (A = 10)
Gl gradiant 30 pg2 x10* PEG4000 40 10 0% (n =10
CaCl gradisnl 20 g2 =104 PEG4000 40 10 30% (= 10)
CsCi gradiant 10 pg2 =10 PEGBO00 40 10 5% (0 =1)
Call gradisnt 10 pg2 =104 PEGE000 40 10 <16% i = 1)
CsCi gradiant 10 pg2 10t PEG4000 0 10 5% [n=1)
CaCl gradisnt 10 pg2 =104 PEG4000 20 10 <16% I = 1)
CsCi gradient 10 g2 =104 PEG4000 40 05 <30% i = &
CaCl gradisnl 10 g2 =104 PEG4000 40 5 30% (0 =2
CsC gradiant 10 pg2 =104 PEG4000 40 10 30% (n = 10
Call gradient 10 pgi2 =104 PEG4000 40 15 30% (n > 10)
CsiC gradiant 10 pg? =104 PEG4000 40 a0 <30% in = 2)
Cali gradient 10 pge2 =10 PEG4000 40 &0 <15% in = 2)

*n represents the number of biological replicates of transfection efficiency tes! (see Meihods) for each sel of conditions.
"The optimized SDX profoplast transfection condition wsed for all Pr-SNDT-B1 overexpression axpanments.

(Li &t al., 2012). This and current results demonstrated that, in
P. tichocarpa, Ptr-SND1-B1 is & positive and direct regulatar of
a pair of sequence-related MYB homologs. We next tested
whether the transcriptome of the SDX protoplasts s represen-
tative of that of developing xylem.

RMA-Seq Resulis Reveal That P. frichocarpa SDX
Protoplasts and SDX Tissue Share High
Transeriplome ldentity

We performed AWA-z=q to profile the genome-wide transcript
abundance of SDX protoplasts and of SDX tissue isokated from
the same, 6-maonth-old, greenhouse-grown clonal plants, High-
guality RMAs (see Supplemental Figure 3 online) were isolated
from these materials for constructing ANA-seq librares, which
gave ~7 million reads per library. After mapping the reads to
the P. trichocarpa genome {hitpzwww phytozome.com) using
TOPHAT (Trapnell et al., 2008, ranscripts of 38,066 and 35,994
genes were detected for S0X protoplasts and S0X tissue, re-
spectively. Approximately 6% of the genes in SOX, or wood-
forming tissue, are present in the protoplasts, suggesting that
the SDX protoplasts can be a simple and effective model for
Studying IrANSCrpIome responses associated with wood formation,
We then used RMNA-seq 1o profile transcriptome changes in SDX
protoplasts overexpressed with Ptr-SND7-87 to identify the dif-
ferentially expressed genes (DEGS) and evaluate their causal and
higrarchical interactions with Ptr-SND7-87,

Overexpression of Ptr-SND1-B1 in SDX Protoplasts Induces
a Small Set of DEGs

We characterized the transcriptome changes in protoplasts
transfected with Ptr-SNDT-87-5GFP compared with sGFP
transfected control. W first used gAT-PCR to guantify alterations.
in Pir-MYB021 franscript levels to estimate the time needed for the
transcriptome changes 1o take place and possible time-dependent

variation. S0X protoplasts from a single plant (6 months okd)
weare transfectad and incubated at room temperature for 2, 7,
12, 21, 25, 31, and 45 h, with three to five biological replicates
{each from a different clonal propagule) and theee technical re-
peats for each biological replicate at each time point. A signifi-
cant increase (439 = 046 fold, mean = =) in Ptr-MYB027
transcript level was first observed at 7 h after transfection, The
largest increase (12.43 = 3.20) was detected at 21 h. All the
increases were significant between 7 and 31 h after transfection.

A Ptr-MYB002 B

- .

Ptr-MYB027

Transcript copy numbsering total RN
&

Transcripi copy number/ng total RNA
B &5 & E

sGFP
Pir-SNIH-B1
SGFP
PIr-SNDM-81
o
sGFP
PIr-SMD-B1
sGFP
Pir-SND-81
sGEP

Fir-SNO9-B1

Figure 2. Pir-SND1-B1 Is & Transcriplional Activalor of Pir-MYBO0Z and
Pr-AYBO2T

qAT-PCR was used to quantify tha transcript abundance of Pir-MYB002
) and Pi-MYBO2! (B} in P Iichocarps SD¥ protoplasts over-
apressing Pir-SN0DT-87 or 5GFP (control). Three biclogical replicates
(SO prodoplasts from wild-type [WT] trees 1, 2, and 3} were perfanmed.
Error bars reprasent se of thres qRT-PCR technical replicatas.
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Approximately 95% of the protoplasts remained viable 45 h after
transfection. We then focused on full transcriptome responsss to
Prr-SNOT-8T overexpression at 7, 12, and 25 h after transfection,
Tha resulting RNA sequences were mapped to tha P, ifchocama
ganmima to obtain read counts as desoribed above.

Scatterplots of transcript abundance read counts) batwean
Pir-SMD7-B1-2GFF and 2GFP (control) transfected protoplasts
ware used to evaluate the effect of Ptr-SND7T overexpression
(Figure 3). The scatterplots shaw strong Pearson correlations
batween read counts of expressed genes of PrSNDT-BT-sGFP
and sGFP, with cosfficients of 0.98 = 0.002. 0.98 = 0.002, and
0.99 = 0,002 for 7, 12, and 25 h, respectively (Figure 3). Thase
high coefficients reflect that the effects of Ptr-SNDT-BT aver-
axpression are highly specific, causing only a very small numbsar
of genes (178) to De differentially expressed (P < 0,05, see
Supplemental Cata Sat 1 onfing). These 178 DEGE, representing
the total from the three time points, were identified using edgef
{Robinson et al., 20010) by comparing the transcript abundance
of each gena between the PtrSMNDT-B1-sGFP transfection and
the sGFP transfaction control. OF thesa 178 DEGs, 14 are TF ganes.
Wa maxt studied the functional implications of thess DEG: in wood
formation

Gene Ontology Functional Enrichment Analysis Indicates
Coll Wall Association for Many DEGs Induced by PErSND1-B1

To explore the functional significance of the 178 DEGs, the g
Praofiler Web server (httpuibiit.cs.ut.ee/gprofiler’; Reimand et al.,
2011) was used to analyze for specific functional enrichmeant.
The enrichment analysls iz based on the gene ontology (GO)
annotation of the Ensembl genome {htpufwew ensembl.ong)
The results showed §03 GO tarms for all 178 DEGs identified in
this study. Twenty-nine of the 603 GO terms showed highly
significant functional errichment with five major GO higranchical
classes (see Supplemnental Table 1 onling), They are (1) cellular
aromatic compound metabelsm, (2) cellular component blogenesis,
(3} omidation reduction, {4) extracellular location, and (5) ion
binding. Thesa five major GO hisrarchical classes contain 44 DEGs
[see Supplemental Table 2 onling). The GO subgroups of these
five major clesses contain significant enriched functional asso-
ciations with phenylpropanaoid and lignin metabelic processes
and call wall bogenesis, Therefore, tha Prr-SND1-B1-induced
DEGs in the SO protoplasts are associated with ool wal formation.
Wa then analzed the causal interactions between Ptr-SnD7-81
and these DEGs.

The Time-Dependent Induction of DEGs Suggesis
a PtrSND1-B1-Directed hGRAN

Pairwize comparisons of transcript abundance at different time
points {Figure 3) show that the transcriptome responds differen-
tially over time after Ptr-SNDT-B1 transtection. Tha Pr-SNDT-81
transcripts had tha highest level of abundance at 7 h, decreasing
at 12 and 25 h {Figure 3). Similarly, the total number of DEGs was
tha highest at ¢ h and decraased with increasing tima, Among the
178 DEGs, 122 (92 + 13 + 13 + 4 in Venn diagram; Figure 4; see
orangs cobumns in Supplemantal Data Sat 1 onling) appearad to
respand immediately at 7 b The remaining 56 (23 + 10 + 23 in
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Figure 3. The Effects of Pir-ShD7-07 Overexpression in S0 Proto-
plasts Are Highly Specific.

Scatterplots of the average of BNA-seq mad counts fram thres biological
replicatas of Ptr-GNDT-E7 and sGFP {control) tansfected S0 proto-
plasts show high Pearson comslation coeffcients after 7- (A), 12- (B),
and 25-h (G} incubstion, demonstrating the high specificity of rans-
activation efects of Pir-ShD1-B17. Aed dots indicaled by arrows repre-
sent tha franscript sbundence of Par-SND1-B7.

[Bee anline article for colar version of this figure.|
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Venn diagram; Figure 4; see green columns in Supplemental
Data Set 1 onling), found only after 12 h and 25 h incubation,
have a delayed response to Ptr-SNDT-81 overexpression, These
differential resporses to Ptr-SNDT-B7 overexpression strongly
suggest a Ptr-SND1-B1-directed hGRN. The immediate-response
group (122 genes, containing Ptr-MYB002 and Ptr MYB021) kely
includes direct regulatory targets of Pir-SND1-B1, whereas the
delayed-response group of 56 genes are candidates for lower
layers of the Ptr-SND1-B1 regulatory hierarchy,

In addition to this experimental approach (Method A in Figure 4),
we naxt developed a computational method (Method B in Figure 4)
to infer direct targets. We expected that the authentic direct

SND1-B1-Drected hGRN in Wood Formation 4329

targets can be commonly identfied by two independent methoeds
{Figur= 4). The computational method is a two-step approach:
Step | (Figure 4) is a combination of Fisher's exact test (Fisher,
1922, 1925) and a probabillity-based method developed in this
study (see Meathods) to screen the 178 DEGs for genes whosa
axpression is highly concordant with the expression of the
Ptr-SND7-81 transgene. We call these concordant DEGs re-
sponsive genes. Stap |l {Figure 4), which we developed previously
{Lu et al, 2013), uses a partial comelation-based graphical Gaussian
model (GGM) (Whittaker, 1990; Edwards, 2000) for a vigerous
assessment of direct interactions between Ptr-SNDT-871 and
responsive genes to infer Ptr-SND1-B1's direct targets,

ChiIP and P. trichocarpa transgenic
validation in differentiating xylem

Figure 4. Tha Workflow for Constructing the Pr-SND 1-B1-Directed Quantitatve Functional hGRN in Woaod Formation.

SDX protoplasts were isolated using the dipping method and transfected with Pir-SND7T-81 to resultin 178 DEGs bnsodon RNA-seq analysis. Method
A (ime-dependant method) was used to identify 122 mmediate response genes | s area). Method B {comp athod) was used to nfer Ptr-
SND-B1's direct targets. Step | & a corrbination of Fesher's exact test and a probability-based method 1o identify responsive genes of Pr-SND7-87
based on expression concordance, Step Il is a combination of GGM and multiple testing comections for assessment of direct interactions between Ptr-
SND1-81 (B7) and responsive gena pairs (Gene A and Gene B) to infer Pr-SND1-B1's direct targets (84 candidate drect targets in red box; see
NMathods). Through the integration of Methods A and B, 76 direct targets of Ptr-S\D1-B1 wera identified. ChiP-PCR for SDX and stable transgenic
P. tnchocarpe were used to valdate Pr-SND1-81's direct targets to reved a Prr-SND1-B1-directed 1 al hGRN. In this hGRN
example, BT indicates Pr-SND1-81 at the top and red nodess represent the Ptr-SND1-B1's direct targets (second-layer constituents). The direct tarmets
1,2, 3, 4, and 5 are activated by Pr-SND1-B1 for V, W, X, Y, and Z fold increase (based on RNA-seq), respectively.
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A Probability-Based Computational Approach Identifies
a Group of DEGs That Are Responsive to the Expression
of Plr-SNDT-B1

Ta identify Pr-SNDT-81-respansive genes, we combined Figher's
exact test (at low stringency, P < 0.25) with the probability-based
mathod to screen the 178 DEGs for those having high expression
concordancs vwith the Ptr-SNDT-8T trarsgane (Step | in Figune 4),
Because a high expression concordance is indicative of a strong
cawsal relationship, DEGs having such concordances with frars-
gere Pir-SNDY-61 are tharefore mare likely to be reguiated directly
by this transgere. To define the axpression concordanca, we first
scaled the trarscript abundances of all DEGs and Ptr-SND?-81
and discretized them arbitrarily into four kevels (1,2, 3, and 4 inx
and y axes in Figure 5; see Methode). Based on pairwise com-
parisons of the exprassion levels, we projected possible expres-
sion concordances with exprassion features (DEGP-SNDT-81
expression ratios) that suggest strong causal relationships
Figure 5) The values of the exprassion features of all these con
cordances are continuous and are bordered by two extremes in
two concordance types, Types | and IV (Figure 5), Type |, the
concurrant type, spacifies that the expression of the DEG is at
the same level as that of the transgene Pr-SND7-B1 (Figure SA).
Type IV, the inverse concordance, where the expression level of
DEG s exactly opposite to that of Pir-SNDT-8T (Figura 50). The
expression feature values of the other concordance types can
ba divided into dscrate counterparts for analysis, For simplicity,
thesa concardances weare discretized hera into two types, Types
Il ard |ll, each having a unique ==t of the DEG:Pr-ENDT-B1 ax-
pression ratios (Figures 5B and 5C). We then used our probability-
based algoithm {see Methods) to evaluate each DEG:Pr-ShD7-81
expression valua for the type of expression concordance. Any
DEG with the exprassion that fits with at lsast one of the four
concordance Types with a P value » 0.1 was then classified as
a responsive gens. We identified 90 responsive genes (zee
Supplemental Data Set 24 onling) from the 178 DEGs. We than
used GGM to model these 90 responsive DEGs to infer the direct
targets of Pir-SND1-B1.

Graphical Gaussian Modeling of Regulatory Interference
Allows Inference of Direct Targets of PirSND1-B1

Wa applied GGM to subsets of three genes and axamined tha
expression dependence batwsen two of the genes (3 pair of the
respansive genes) conditional on the third (Ptr-SNDT-81) for reg
ulaory inferance to idantify Plr-SANDT-B1's direct targets (Step Il in
Figure 4). The underlying idea is that & TF would tarpst multiple
pganas and that the overexpression of a TF would most strongly
affect the expression of its target genes in two possible ways: (1)
Two such target genes become more significantly coexpressed,
ard (2} two significantly coexpressed target ganes become no
lerger coaxpressed. We then used GGM to examine the three-
pene subset for effects of Pr-8ND7-87 transgens overexpression
on the expression of the 90 responsive genes. If the effect co-
Incides with efther one of the two possibiities described above, we
then considersd that Pir-SND?-81 interferss directly with the pair
of tha resporsive ganes.

‘When all possible combinations of Pir-SANDT-81 and two genes
froum the responsive gene pool were examined for interference, we

A [Type B [Type 1]
34 34

i3 53

i g2

@1 g 14+—F—
89 2 34 512 34
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c [Type 1) D [Ty V]
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53 Ea
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21 &1+
892 34 87 234
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Figure 5. Typaes of Expression Concordances batwean tha DEG and Pir-
SNDT-81 That Buggest Strang Causal Actationships,

Each of the four expression concordance types has a unigue set of DEG:
Pt-ShDH-B1 transcript leved rabas.

{A) Type |, the DEG:Pe-SNDT-B1 ratios ane 1:1, 2:2, 3:3, and 4:4.

(B} Type Il, 2:1, 1:2, 2:3, 34, 43, and 3:2.

1S Typa I, 31, 2:2, 123, 24, 33, and 4:2,

D) Typa IV, 41, 32, 23, and 134,

[See anling articks for color version of this figura |

sorted all the three-gene subsats by P values, as indicators of
interferance intensity, We than pedformed multiple testing cor-
ractions (Benjamini and Hochberg, 1995) on thase P values to
obtain the significant three-gene subsets with a false discovery
rate < 0,05, The times for each respansive gene that has ap-
paared in the significant subssts wera then summed to represent
the frequeancy of interferance. Of the 90 Pir-SNDT-B1-responsiva
genas, 84, which include 10 TFs, were interfered by Pr-SNDT-B1
at least one time and were considered the direct targsts of
Ptr-SMNDT-87 (see Supplemental Data Set 2 online),

Integration of Computational and Experimental Approaches
Identifies a Unigue Set of PirSND1-B1's Direct
Regulatory Targels

Wa integrated the computational and time-dependent gene ex-
pression methods to identify direct regulatory targets of
Pir-SHD1-B1. Ay targets identified by one method but ex-
cluded by the other were disgualified. Tha time-dependent
method classified 122 DEGs in the immediats response group
as the putative direct targets (orange area in Method A, Figure
4), Of the 84 computationally inferved direct targets {red framed
in Figure 4), 76 belong to this immediate response group and
aight to the delayed response group. These eight DEGs wera
then disgualified because they were excluded by the time-
dapendant method. Consequently. only the 76 DEGs, inferad
by the computational method and commonly included by both
methods, were most likely the authantic dirsct regulatory target
genes of Ptr-SNDH -B1 {see Supplemental Table 3 ondine).,

& ponsiderable amount of work has been done on predicting
secondary wall NAC binding element Ehong st al., 2010; Wang
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Figure 6. ChIP-PCR Validation of Inferred Direct and Indirect Targets of Ptr-SND1-81

{A) Protein gel biot for antibody specificity. Purified Pr-SND1-A1 (A1), Pt-SND1-A2 (A2), Ptr-SND1-B1 (B1), and Pir-SND1-B2 (B2) £ coW recombinant
proteins fusad with GST tag at the N tarminus were probed with the anti-GST and anti-PrSND1-81 antibodies, respectively. A full-size protein gel blot is
shown in Supplemental Figure 4 online
(B) A simplified gane structure to indicate the locations of the amplifed promoter sequences. The thick line comesponds to a gene promoter that drives
its gene represented by the rectangle. The amowheads show the promoter sequence location for pramer design
(C) ChIP-PCR assays of selectad genes from each DEG category using chromatin from differentiating xylem and antl-PrSND-81 antibody. The 76 in
the orange area and red bax is the number of candidate direct targets derived from the computati and time-dep methods, The 8in the green
area and red box represents the Indirect targets excluded by time-dependent method. The 46 in the orange area and 48 In the green area Indicate the
indroct targets excluded by the computational method and the time-dependant method, respactively. The DEG ID number of selected genes is shown
in parentheses (see Supplemental Table ' onling). Input, Mock and Anti-B1 are PCR reactions using the chrormatin preparations before imrunopre-
paation, immunopreci with preirmmune serum and immunoprecipitated with anti-PrSND1-B1 antibody, respectively. Pir-ACTIN was used as
a negative control. Three independent biological repl of ChiP assays were performed, and the results of one bidogical replcate are shown
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Ptr-SND1-B1 (at the top; Figure 7). In this hierarchy, Ptr-SND1-B1
directly regulates 76 targst genes (the second layer), including
10 TFs. We next built a part of the third fayer of the hierarchy from
two second-layer TFs, Py-MYB002 and Ptr-MYB021, using the
computational approach.

The SDX Protoplast System Reveals a PrSND1-B1-Directed
Regulatory Hierarchy

As descrbed above, 84 (Figure 4) of the 178 DEGs are the com-
putationally infamed direct targets of Ptr-SND1-B1. Likely, the re-
maining 94 DEGs consist of direct targets of the TFs in the lower
(second and third) layers of the Ptr-SND1-Bi-directad hGRN.
Therefore, these remaining 94 DEGs can be used as nput for
computationally infering the direct targets of the second-layer TFs,
We selected Ptr-MYBO02 and Ptr-MYB021 to test this approach.
We sdected these two MYBs because the direct targets of Arabi-
dopsis MYB46 {the ortholeg of Pir-MYB002 and Ptr-MYB02T1)
have been proposed or validated (Kim et al, 2012a, 2012b),
providing a basis to assess the robustness of the approach, The
probability-based algorithin identified 12 and 14 Ptr-MYB002
and Pb-MYB021-responsive genes, respactively (see Supplemental
Data Set 4 onfine). From the Ptr-MYB-specific responsive genes,
GGM infared nine direct targets for Ptr-MYBO02 and 11 for Ptr-
MYB021 (Figure 7; see Supplemental Data Set 5 onling).

18! layer

2"d Jayer

REd 17

/
Ptr-MYB021

3™ Jayer

Ptr-LAC14, 15, 40, 41, 49

Ptr-MYB002

SND1-B1-Drected hGRN in Wood Formation 4333

The two Ptr-MYB's target a total of 12 unigue genes, of which
eight are common targets, including five homologs of laccase
genes (Ptr-LACT4, Ptr-LACTS, Ptr-LAC40, Pir-LAC41, and Ptr-
LAC49,; Figure 7), suggesting redundant or combinatorial regu-
latory roles for these two sequenca related Ptr-MYBs. The five
Ptr-LACs and Arabidopsis LAC4 are homologs and ware shown
to control lignin quantity in P. trichocarpa {Lu et al., 2013) and
Arabidopsis (Berthet et al., 2011), respectively. At-LACH is
a pradicted direct target of At-MYB46 based on the MYB46-
responsive cs-acting binding site (RKTWGGTR] in the At-
LAC4 gens promotar. All thesa 12 inferred direct targets of the
two Ptr-MYBs have at least one exact RKTWGGTR binding site
in the 2-kb proximal promoter region (see Supplemental Data
Set 5 online). These results strongly suggest that the 12 in
ferred genes are authentic drect targets of Ptr-MYB002
and Ptr-MYB027 and further demonstrate the accuracy of
our integrated approach (Figure 4) in identifying direct TF-DNA
interactions.

Finally, we used stable transgenic P, frichocarpa to verify the
adequacy of using the protoplast/computation systemn to study
gene regulation that occurs in intact wood forming tssue at the
whole-plant level. We tested whether the SDX protoplast-inferred
TF-DNA interactions and the regulatory effects of these inter
actions also take place in SDX of transgenic P, trichccarpa
plants overexpressing Ptr-SND7-81.
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Figure 7. Ptr-SND1-B1-Directed Quantitative Functional hGRN in Wood Formation.

PI-SND1-B1 is at the top firet layer) of thes hGRN. The sacond layer of the hGRN consists of 76 Pr-SND1-B1 direct targets (second layer) inferred from the
integration of the Sme-dependent and corrputational methods. Arrong these 76 direct targets, 10 TFs (red nodes) and five enzyrres blue nodes) were vadidated
by ChIP-PCR in SDX. Two of the 10 TFs are PeNYB021 and PrMYBOO2 &s ndicated. On the third layer, 11 direct targets for PUNYBO21 and nine for
P YBOO2 (grean nodes) were nfermed using the corrputational approach. PrMYBO02 and 021 share eight common direct targets, of which fve are laccase
genes (PY-LACTA, PIr-LACTS, Pu-LAC4D, Pr-LACAT, and Pr-LAC4S). The number in the nodes indcates the DEG ID nurmber. The numbar above the Pur-
S\ND1-B1's direct targets represants tha log, fold change of the direct targets in SDX protoplasts nduced by Pir-SNDT-87 overaxpression, The P-SND1-B1's

direct targets are displayed based on the induction levd by Pr-SNDT-81
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